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FOREWORD 

The Reactor Development Program Progress Report, issued 
monthly, is intended to be a means of reporting those items 
of significant technical progress which have occurred in 
both the specific reactor projects and the general engineer
ing research and development programs. The report is o r 
ganized in accordance with budget activities in a way which, 
it is hoped, gives the clearest , most logical overall view of 
progress . Since the intent is to report only items of signifi
cant progress , not all activities are reported each month. In 
order to issue this report as soon as possible after the end of 
the month editorial work must necessar i ly be limited. Also, 
since this is an informal progress report , the resul ts and 
data presented should be understood to be prel iminary and 
subject to change unless otherwise stated. 

The issuance of these reports is not intended to constitute 
publication in any sense of the word. Final resul ts either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
reports. 

The last six reports issued 
in this ser ies a re : 

October 1967 ANL-7391 

November 1967 ANL-7399 

December 1967 ANL-7403 

January 1968 ANL-7419 

February 1968 ANL-7427 

March 1968 ANL-7438 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project Activities for April 1968 

EBR-II 

The reactor was operated for 587 MWdt in Runs 27D through 27H 
during April . Throughout the month the pr imary aim was to identify the 
source of fission-gas leakage fronn the core . Suspected experinnental sub
assemblies were removed fronn the core in four lots as leakage recur red . 
The last lot rennoved included the last of the fueled experinnental subassem
blies in the core , and further operation for 148 MWdt in Run 27H produced 
no further leakage by the end of the month. The cumulated total of EBR-II 
operation is 16,704 MWdt. 

Normal productive operations were continued in the FCF hot and 
cold lines. Additional runs were made to produce 70% enriched fissium 
elements for use in experimental programs. 

ZPR-3 

Doppler-reactivity nneasurements with Assennbly 51, the first core 
of the FTR Phase-B cri t ical progrann, were completed. Axial and radial 
t r ave r se s a re in progress for nneasurennents of reaction rate and nnaterial-
reactivity worths. 

The worths of selected core drawers at the core-ref lector interface 
have been tabulated, and a calculation has been nnade of the sensitivity of 
the neutron multiplication factor to incremental fuel changes at the core 
boundary. 

ZPPR 

The Request for Proposal for the ZPPR computer and related equip
ment has been issued as part of a joint Request for Proposal for three 
Argonne on-line experimental connputer sys tems. 

Installation of the reactor assembly was about one week ahead of 
schedule at the end of the month. Installation was about 65% complete on 
the mechanical items and 70% complete on the instrumentation and controls . 

ANL requested occupancy of the escape tunnel on April 10 in order 
to complete work on the seal doors which may become the cr i t ical i tem for 
completion of the facility. 
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I. LIQUID-METAL FAST BREEDER REACTORS--CIVILIAN 

A. Fuel Development--LMFBR 

1. Metallic 

a. Fuel Element Performance (W. F . Murphy) 

Last Reported: ANL-7438, pp. 3-4 (March 1968). 

Each of four fuel elements irradiated in Subassembly XA07 (see 
P r o g r e s s Report for September 1967, ANL-7382, Table II.D.l, p. 73) has 

been sectioned t ransversely near 
I I the midlength of the fuel column (at 

the point of maximum burnup, 4.4 to 
4.6 a/o). The fuel had a nominal 
composition of U-15 w/o Pu-10 w/o Zr . 
The three annular zones observed in 
these sections (see P rogress Report 
for November 1967, ANL-7399, 
pp. 1-4) have been analyzed to de te r 
mine the distribution of uranium, 
plutoniunn. zirconium, and technetiunn. 
The results of the analyses are given 
in Fig. I.A.I for the center, middle, 
and outer zones. 
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The a n a l y s e s showed that c o n -
Fig. I.A.I. Compositional Variation of Transverse s ideVable a m o u n t s of z i r c o n i u m and 

t e c h n e t i u m m i g r a t e d f rom the m i d d l e 
zone , which is in a g r e e m e n t with 
r e s u l t s of b e t a - g a m m a a u t o r a d i o g 

r a p h y r e p o r t e d p r e v i o u s l y ( see A N L - 7 3 9 9 , T a b l e I .A . I , p . 3). The in i t i a l 
r a t i o of p lu ton ium to u r a n i u m w a s about 1:5. and c h a n g e s in th i s r a t i o 
i n d i c a t e tha t s o m e m o v e m e n t of t h e s e e l e m e n t s a l s o h a s o c c u r r e d . 

Compositional Variation of Transverse 
Sections of U-Pu-Zr Fuel Pins. The 
symbols represent four different sets 
of data. 

T h e s e a n a l y t i c a l r e s u l t s ind ica te dep le t ion of s o m e f i s s ion 
p r o d u c t s in the m i d d l e zone , and s ign i f i can t c h a n g e s in the o r i g i n a l a l loy 
c o m p o s i t i o n have o c c u r r e d in a l l z o n e s . The m e c h a n i s m for th i s b e h a v i o r 
i s not known at th i s t i m e , but the following f a c t o r s a r e p r o b a b l e c o n t r i b u t o r s : 

(1) p h a s e t r a n s f o r m a t i o n s in the a l loy (two t r a n s f o r m a t i o n s a r e 
known to e x i s t a t 595 and 655°C in the u n i r r a d i a t e d a l loy) ; 

(2) temperature distributions over the lifetime of the elennent 
(variations produced by changes in geometry, thermal conductivity, and 
reactor power); 

(3) temperature gradients (variations produced by changing 



Irradiation of Subassembly XG05 in EBR-II was terminated 
after 12,640 MWd, which is 92% of the planned exposure. This subassembly 
contains two metallic fuel pins (U-15 w/o Pu-10 w/o Zr and U-15 w/o Pu-
10 w/o Ti) that are clad in V-20 w/o Ti alloy. The estimated burnup of 
heavy atoms for these two elements is 6.9 a/o. The capsules that contain 
these elements will be examined by neutron radiography at the EBR-II s i te . 

Fifteen U-15 w/o Pu-10 w/o Zr fuel elements (Group M-3) have 
accumulated about 0.8 a/o burnup in EBR-II. The pr imary objectives of this 
experiment and the design and operating parameters of these elements have 
been given previously (see Progress Report for December 1967, ANL-7403, 
Table II.A.3, p. 4). 

Twenty-nine fuel elements for the M-4 irradiation experiment 
have been fabricated and passed inspection. The M-4 experiment will inves
tigate the irradiation behavior of U-15 w/o Pu-12 w/o Zr fuel alloy at a 
linear heat rating of 14 kw/ft in the range of burnups from 1 to 10 a /o . 
Design parameters have been given previously (see ANL-7403, pp. 4-5). 

2. Oxide 

a. Fuel Element Performance (F. L. Brown) 

Last Reported: ANL-7438, pp. 4-6 (March 1968). 

Two of the fuel elements that were i r radiated to a burnup of 
3.5 a/o in experimental Subassembly XOU have been destructively examined. 
Transverse sections were taken from Element TVOV-1 (irradiated at a 
maximum linear heat rating of -19.5 kw/ft) and from the severely over 
heated Element HOV-4. 

Melting of the Hastelloy-X cladding of Element HOV-4 during 
irradiation was a result of the loss of sodium bond from the capsule that 
contained this element. Photomicrographs and autoradiographs of the t r a n s 
verse sections (taken from the midplane of the fuel column and from 2 i in 
below the midplane) showed that the fuel in each of these sections has at 
least two once-molten annular zones plus a reas that appeared to be incom
plete dendrites at the fuel periphery. The alpha-autoradiographs showed 
Uttle or no indication of plutonium inhomogeneity in the main body of the 
fuel, but there was some evidence that plutonium was concentrated in pa r 
ticles in the periphery. The beta-gamma autoradiographs indicated the 
presence of high concentrations of fission products adjacent to the central 
void and high concentrations at random locations near the periphery. 

Fission-gas release from Element TVOV-1 (based on the 
estimated burnup) was 53% of the theoretical volume generated. Photomi
crographs and autoradiographs were made of TVOV-1 at the location of 



nnaximum cladding temperature , 575°C. The presence of a large central 
void and the extensive development of columnar grains were attributed to 
the low smeared density of this elennent. 77% of theoretical . The alpha-
autoradiograph showed possible depletion of plutonium in the periphery of 
the fuel; however, loss of fuel from the periphery during specimen prepa
ration may be the reason for the light band that was observed adjacent to 
the cladding. The beta-gamma autoradiograph showed variations in fission-
product concentration across the section examined. The nnaximum dicimeter 
of the area of high fission-product density corresponded to a ring of porosity. 

A reaction layer that averaged about 0.0025 in. thick was found 
at the interface of the fuel and the V-20 w/o Ti cladding of TVOV-1; the 
nnaxinnum depth observed was 0.005 in. A layer that was s imilar in appear
ance and in etching charac ter i s t ics , but only 0.002 in. thick, was found in 
the plenum 2^ in. above the fuel column. 

3. Carbide--Fabr ica t ion and Evaluation 

a. Fuel Element Performance (J. H. Kittel) 

Last Reported: ANL-7438, p. 6 (March 1968). 

The status of carbide fuels under irradiation in EBR-II is shown 
in Table I.A.I. Irradiation of Subassembly XG05 was terminated at the r e 
quest of other experinnenters sharing the subassembly. The subassembly 
was dismantled in the Fuel Cycle Facility, and the elements are being 
returned to Illinois for destructive examination. 
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4. Fue l Cladding and S t r u c t u r e - - J a c k e t Alloys 

a. I r r a d i a t i o n Studies of Fue l J a c k e t Al loys (R. C a r l a n d e r ) 

L a s t Repor ted : ANL-7438, pp. 7-8 ( M a r c h 1968) 

T e s t s a r e being conducted to eva lua te the effects of i r r a d i a t i o n 
on the m e c h a n i c a l p r o p e r t i e s of vanadium al loys in c o m p a r i s o n with o t h e r 
potent ia l cladding m a t e r i a l s for LMFBR, such as Type 304 s t a i n l e s s s t e e l . 
Has te l loy -X and Inconel 625. When poss ib le , the c o m p a r i s o n s a r e m a d e 
between s p e c i m e n s that were i r r a d i a t e d in the s a m e E B R - I I s u b a s s e m b l i e s 
to obtain ident ical i r r a d i a t i o n condi t ions . 

P o s t i r r a d i a t i o n t u b e - b u r s t t e s t s w e r e conduc ted at 550°C with 
spec imens of V-15 w / o T i -7 .5 w / o Cr , Type 304 s t a i n l e s s s t e e l , H a s t e l l o y - X , 
and Inconel 625. The spec imens had been i r r a d i a t e d in S u b a s s e m b l y XO 1 3 
in EBR- I I to a nominal fluence of 5 x 10^' at 600 ± 100°C. The r e s u l t s of the 
t e s t s a r e given in Table I .A.2. The r a t i o s of the i r r a d i a t e d to u n i r r a d i a t e d 
t e s t values were ca lcu la ted to c o m p a r e the effects of i r r a d i a t i o n on the 
s t r eng ths and duc t i l i t i es of the a l loys . The va lues a r e p lo t ted in F i g s . I .A.2 
and I .A.3. 

The i n c r e a s e in the r u p t u r e s t r e n g t h at 550°C due to i r r a d i a t i o n 
was g r e a t e r for V-15 w / o T i - 7 . 5 w / o Cr than for both Type 304 s t a i n l e s s 
s tee l and for Has te l loy-X, but l e s s than for Inconel 625 ( see F i g . I .A.2) . 
The m a x i m u m i n c r e a s e in rup tu re s t r e n g t h of V-15 w / o T i - 7 . 5 w / o C r a l loy 
was 32%, as c o m p a r e d with m a x i m u m i n c r e a s e s of 4 1 , 21 , and 14% for 
Inconel 625, Has te l loy-X, and Type 304 s t a i n l e s s s t e e l , r e s p e c t i v e l y . 

TABLE I.A.2. Tube-burst Properties at SSCC of Specimens of Cladding Materials 

Material 

V-15 Wo Ti-7.5 w/o Cr 

v-15 w/o Ti-7.5 w/o Cr 

V-15 w/o Ti-7.5 w/o Cr 
V-15 w/o Ti-7.5 w/o Cr 
V-15 w/o Ti-7.5 w/o Cr 

V-15 w/o Ti-7.5 w/o Cr 

V-15 w/o Ti-7.5 w/o Cr 
V-15 w/o Ti-7.5 w/o Cr 

V-15 w/o Ti-7.5 w/o Cr 

V-15 w/o Ti-7.5 w/o Cr 

304 SS 

304 SS 

304 SS 

304 SS 

304 SS 

304 SS 

304 SS 

304 SS 

304 SS 

304 SS 
304 SS 

Fluence 
I n / c n i 2 x l 0 2 1 | 

-
-

0.2 
0.5 
1.1 
2.0 
3.6 
4.7 

--
-
-
-
-
-

0.2 
1.2 
3.6 

Tangential 
Rupture Strengti i 

(kg/mm2| 

71.1 

70.5 

73.0 

72.4 
77.2 

77.6 
83.4 

83.4 
90.5 

<«.7 

41.2 

41.9 

40.6 

39.4 

38.7 

38.7 

39.4 

39.4 

38.8 

40.1 

41.7 

AD/D 
«M 

6.1 
6.2 
6.1 
8.1 
7.2 
8.9 
5.8 
2.0 
3.8 
4.9 

10.9 

10.7 

12.1 

12.1 

11.0 

11.3 

12.5 

12.4 

14.7 

11.2 

6.3 

Material 

304 SS 

304 SS 

304 SS 

304 SS 

Haslelloy-X 

Haslelloy-X 

Haslelloy-X 
Haslelloy-X 

Haslelloy-X 

Haslelloy-X 

inconel 625 

Inconel 625 

Inconel 625 

Inconel 625 

Inconel 625 

Inconel 625 

Inconel 625 

Inconel 625 

' Incone l 625 

Inconel 625 

Irom EBR-II Subassembly X013 

Fluence 
In / cm^x loZ l l 

3.7 
3.9 
4.0 
5.3 

-
-
-3.5 

3.7 

-
-

0.2 
1.1 
3.3 
3.3 
3.5 
3.6 

Tangential 

Rupture Strength 
Ikg/mm^l 

44.8 
45.6 

443 
46.2 

56.2 

56.2 

S6.6 

58.1 

68.8 

67.6 

63.7 

65.3 

64.1 

64.1 

88.6 
90.5 

88.6 

87.9 

88.2 
89.2 

&D/D 

l%l 

10.0 

3.6 
3.2 
3.0 

13.2 

14.0 

U.2 
U.5 
8.1 
3.7 

9.5 
12.7 

14.5 

13.0 

9.2 
15.7 

7.0 
3.3 
4.4 

10.5 
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The duct i l i ty of the t u b e - b u r s t s p e c i m e n s v a r i e d wi th f l u e n c e . 
The duct i l i ty of V-15 w / o T i - 7 . 5 w / o Cr , Inconel 625, and Type 304 s t a i n -
l e s s s t ee l a p p e a r e d to i n c r e a s e a t f luences l e s s than 5 x 10 ( s ee F i g . I. . ). 
However , at f luences above 3 x lO" , the duct i l i ty of V-15 w / o T i - 7 . 5 w / o C r 
al loy d e c r e a s e d by a l e s s e r extent than that of the o the r t h r e e m a t e r i a l s . ^ ^ 
The following d e c r e a s e s in duct i l i ty w e r e found above a f luence of 3 x 10 : 
V-15 w / o T i - 7 . 5 w / o Cr , 26 to 42%; Has t e l l oy -X , 41 to 72%; Inconel 625. 
16 to 74%; and Type 304 s t a i n l e s s s t e e l . 14 to 74%. The r e a s o n for the 
s c a t t e r in the r e s u l t s is not known. 

b . Sodium C o r r o s i o n of F u e l J a c k e t Al loys* (W. E . R u t h e r ) 

L a s t Repor ted : ANL-7427, pp. 7-8 (Feb 1968). 

(i) Deve lopment of R e f r a c t o r y - m e t a l Al loys for S e r v i c e in 
Oxygen-con tamina ted Sodium. The cold t r a p s of two of the s m a l l r e f r e s h e d 
autoclave s y s t e m s were c leaned and modif ied to i n s u r e b e t t e r flow p a t t e r n s 
of sod ium. The t r a p s can now be o p e r a t e d at a t e m p e r a t u r e c l o s e r to the 
me l t ing point of sodium and s t i l l ma in t a in flow. Oxygen w a s i n t r o d u c e d to 
the autoclave s y s t e m via the gas phase , and the s y s t e m was a l l owed to 
equ i l ib ra t e for 4 days with the cold t r a p at ~100°C. 

Ini t ial exposu re of vanad ium w i r e to th i s s y s t e m r e s u l t e d 
in rap id c o r r o s i o n . P o s s i b l y insuff icient t i m e was a l lowed for e q u i l i b r a t i o n . 
The exposure of vanadium is being r e p e a t e d . 

The dynamic t e s t of vanad ium a l loys at 600°C (at a s p e e d 
of 6.1 m / s e c ) has been t e r m i n a t e d af ter 107 d a y s . M a x i m u m we igh t change 
was +0A m g / c m ^ for V-20 w / o Ti; m i n i m u m weigh t c h a n g e w a s ± 0 . 0 3 m g / c m ^ 
for V-IO w / o C r . Sect ions of the s a m p l e s a r e be ing m i c r o s c o p i c a l l y 
examined . A final t e s t has been s t a r t e d a t 500°C that wi l l c o m p l e t e th i s 
phase of the scheduled dynamic e x p o s u r e s . 

*Errata in Progress Report for January 1968. ANL-7419. p. 4, under the heading (li) Corrosion cf Nickel Alloys 
m Flowing Sodium. Second sentence should read. •'Fluence was 7.2 x lo20 n/cm2 (4.7 x 10l9 1.35 MeV)." 



B. Physics Development-- LMFBR 

1. Theoretical Reactor Phys i c s - -Fas t Critical E.xperiments-- Theoretical 
Support (F. W. Thalgott, R. B. Nicholson and R. G. Pa lmer) 

Last Reported: ANL-7438, p. 9 (March 1968). 

a. Shape Factors for Large Cores in ZPPR A computer study of 
a se r i es of cores with composition s imilar to ZPPR Core I has been carr ied 
out to determine the effect of core volume on shape factor (the ratio of spher
ical cr i t ical volume to cylindrical cr i t ical volume). Cri t ical size was varied 
by changing the enrichment of the fuel plates. The peak of the shape-factor 
curve occurs in the vicinity of a length-to-diameter (L/D) ratio of 0.93. Fig
ure I B.l shows the predicted variation of peak shape factor with core size. 
Also shown are the resul ts of five measurements of shape factor for small 
cores correla ted linearly * Differences in core and reflector compositions 
appear to be responsible for the fairly large discrepancy between the two 
curves . It would seem that the experinnental curve has little applicability 
to the analysis of large oxide cores in ZPPR. Work is continuing on the 
variation of shape factor with L / D for large cores 

b. Reactivity Worths in ZPPR Core I. One-dimensional calcula
tions were performed by MACH-1 of the reactivity worths versus radius of 
a core drawer with and without a B4C blade, 28 by 1.945 by 0.280 in., con
taining 350 g '°B. At the core center the special region was t reated as an 
equivalent cylindrical rod. At other radii, it was treated as an annulus and 
corrected for flvix depression with the resul ts obtained for a central rod. It 
was found that eight control blades at a radius of 40 cm have the required 
reactivity worth of 1.5% Ak/k, and that a drawer with control blade is worth 
2 28 core d rawers . 

c. Modifications to WINDOW. The WINDOW code (see P r o g r e s s 
Report for February 1968, ANL-7427, pp 9-10) has been modified to auto
mate the calculation of broad-group neutron cross sections as follows: 

<a> = j o(E)0(E) dE,'' j (f(E) dE. 
Br Gr. Br.Gr. 

The snnoothed neutron spectrum 0(E) comes from a fundamental-mode cal
culation by the MC^ code, and o(E) is obtained by Lagrangian interpolation 
from a table of values at d iscrete energies produced by cell calculations of 
the R A P P L E / R A B I D type. 

d. " ' U C r o s s S e c t i o n s for R A B B L E A code h a s b e e n w r i t t e n for 
t he C D C - 1 6 0 4 to c o m p u t e t y p i c a l r e s o n a n c e p a r a m e t e r s for U in t h e 

'•Davey. W. G.. Nucl. Sci. and Eng. 19. 259-273 (1964). 
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unresolved region for use in the RABBLE code. The code will allow the 
punching in RABBLE input format of N samples, each containing R reso
nances, for each broad-energy group. The neutron widths a re based on a 
chi-squared distribution (v = 1) and on the average value of the width mea
sured in the resolved region. S- and P-wave resonances a re treated. Or
dering of the widths in each sample is obtained from a routine that generates 
random numbers . Present ly a constant resonance spacing is assumed. 

2. Experimental Reactor Phys i c s - -Fas t Crit ical Exper iments - -
Experimental Support (Idaho) (W G Davey) 

Last Reported: ANL-7438, pp. 10-11 (March 1968). 

a. Neutron Spectrometry 

(i) High-count-rate Electronics Efforts to innprove the pre 
amplifier and l inear amplifier for the proton-recoi l spect rometer continued. 
Data taken in AFSR showed that a dc-coupled charge-sensi t ive preamplif ier 
matched to a po le -ze ro-cor rec ted linear amplifier gave satisfactory response 
to overload pulses under high-count-rate conditions 

Pre l iminary comparisons with the previously used ampli
fiers were encouraging. The po le -zero-cor rec ted amplifiers substantially 
reduced distortion of the proton spectrum, but showed a need for base-l ine 
res torat ion. A base- l ine r e s to r e r that is presently being constructed should 
greatly improve the amplifier response to overloads 

A pile-up detector is bein^ designed for rejecting pulses 
that ride on the "hill s ides" of large overload pulses, thus further reducing 
spectrum distortion. The additional dead time will be accounted for by in
terfacing the detector to the l ive-t ime clock 

b. Heterogeneity Studies. Analyses of U and ' U exposures in 
AFSR have been completed and the analysis of exposure of a thick (30-mil) 

Pu foil in AFSR is almost complete. In addition, a 42-Whr exposure of 
"*U and a 150-Whr exposure of " ' U in ZPR-3 have been performed. The 
lat ter two exposures indicate that counting stat is t ics for foil exposures in 
ZPPR should be obtainable at acceptable reactor power levels. 

The 38 gamma- ray peaks selected for use cover the energy 
range from 50 to 2500 keV, include half-lives from 23.5 min to 40 days, 
and provide information on 14 mass chains plus ^"u and ^"Np act ivi t ies . 
Out of these , 9 mass chains and " ' N p have two or more lines from individ
ual isotopes or pa i rs of isotopes in equilibrium. This allows checking the 
identification of a gamma- ray peak against other pa r ame te r s than half-life. 
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An exposure of »^Th foils in AFSR has been made, and counting 
is in progress . Prel iminary inspection of the spectra shows a predommance 

, 231„ T, „f 235TT 238j, _ J 239py j n v a r i O U S 

of gamma rays from "^Pa. Exposures of U, U, ana 
AFSR spectra will be initiated soon. 

c. Computer Applications. The Request for Proposal for the ZPPR 
computer and related equipment has been issued as part of a joint Request 
for Proposals for three Argonne on-line experimental computer sys tems . 
The other two systems, for the Reactor Physics Division, will serve the 
ZPR-6 and -9 reactors and the Fast Neutron Generator. The document has 
been submitted to computer manufacturers; response within five weeks is 
expected. 

Development and programming of the ZPPR fuel inventory pro
gram on the CDC-1604 is continuing. The proposed input format and pro
gram operation has been formulated and is being circulated for comment. 

3. Experimental Reactor Physics--Fast Critical Experiments - -
Experimental Support (Argonne) 

a. On-line Computer Applications (R. Gold) 

Last Reported: ANL-7399, pp. 20-22 (Nov 1967). 

(i) Computer Processing of Sampling--Oscilloscope Data. The 
DDP-24 computer has been used with a sampling oscilloscope to average out 
noise and fluctuations, and estimate true pulse shape. 

A sampling oscilloscope is useful for fast pulses , but when 
the signal contains noise and fluctuations, as with nuclear detectors , the 
"true" pulse shape cannot be seen readily. The computer extracts that 
information. 

The oscilloscope is a Tektronix 564, with 3S3 sampling-
probe unit and 3T77 sampling-sweep unit. Analog X and Y signals a re 
available from the oscilloscope at 1 V per scale division. These a re passed 
through amplifiers which invert their polarity and shift their zero, and are 
digitized by two ADC's with 5-MHz clocks. 

The sampling-sweep unit generates a clock pulse when a 
sampling has occurred. This pulse commands the ADC's to digitize the 
signals. The time (X) information is digitized to 512 channels, the ampli
tude (Y) information to 1024 channels. 

The ADC address-advance pulses go to the computer input 
scalers. On completion of conversion, the computer reads the data. Sub
sequent samplings are ignored until data t ransfer is complete and the 
scalers are reset. 
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During s ta i rcase -sweep re t race , the sampling-sweep unit 
blanks the CRT beam so that samplings taken then will not be displayed. A 
portion of the blanking voltage is applied to the ADC's to inhibit conversion 
of those samplings. 

The averaging program is in FORTRAN-IV with machine-
language instruct ions intermixed. To star t a run, the operator types in the 
oscilloscope vert ical gain and sweep-speed settings He then signals the 
computer to begin taking data. For each value of X-ADC reading, the conn
puter keeps a record of the number of samplings with that reading, the sum 
of the readings from the Y-ADC for those samplings, and the sum of the 
squares of those readings. 

The p rogress of the run is monitored on the computer CRT 
display, which shows the mean and standard deviation of the pulse shape. 
The operator may use the information to decide when enough data have 
been accumulated. 

After the operator terminates the run, he looks at the CRT 
display and types in the t ime at which the pulse began to r ise from the base
line or zero level, in t e rms of horizontal divisions on the CRT graticule. 
The computer averages the amplitudes for all samplings preceding the spec
ified t ime, and uses that average as the baseline level. The baseline is sub
tracted from the average amplitude at each time point, and the difference is 
numerical ly integrated. 

The output is a graph with the pulse shape shown as three 
curves (see Fig. I.B.2). The middle curve g^ves the mean amplitude at each 
sampling t ime; the two outer curves are displaced from the mean by the 
standard deviation of a single sampling. 

The t ime scale is referenced to the ear l ies t sampling r e 
corded, whereas the voltage scale is referenced to the baseline. A vert ical 
line c ros se s the pulse-shape t races at the time that was selected as the end 
of the baseline. Scaling is adjusted so that the pulse-shape t races fill the 
graph as much as possible and still have round-number scale markings . The 
t ime integral of the pulse shape is also written on the graph. 

4. ZPR-3 Operations and Analysis (W. G. Davey and R. L. McVean) 

Last Reported: .•\NL-7348, pp 12-16 (March 1968). 

a. Mockup Studies. Experiments with Assembly 51 continued. The 
Doppler reactivity measurements were completed, and the data a re being 
analyzed. Axial and radial t r ave r se s through the core and reflector a re 
underway. These t r ave r se s include reac t ion- ra te measurements using pluto
niunn and depleted uranium fission counters and a BF3 proportional counter. 
Mater ia l - reac t iv i ty -wor th t r ave r se s will also be made using boron-10, pluto
nium, and depleted uranium samples . 

file://�/NL-7348


12 

Fig. I.B.2 Computer-processed Output Graph 

(i) Approach to C r i t i c a l . The de t a i l s of the a p p r o a c h to c r i t i 
cal for A s s e m b l y 51 which have not been r e p o r t e d p r e v i o u s l y a r e given h e r e . 

The ini t ia l s tep was to load the r a d i a l and a x i a l r e f l e c t o r , 
leaving 218 cen t ra l d r a w e r s , 109 d r a w e r s in each half of the a s s e m b l y , for 
co r e m a t e r i a l s . Of these 218 d r a w e r s , the o u t e r 160 d r a w e r s w e r e i n s e r t e d 
in the m a t r i x as "pre loaded" core d r a w e r s . P r e l o a d e d c o r e d r a w e r s w e r e 
loaded exact ly as in the intended final c r i t i c a l s y s t e m excep t t ha t the c o l u m n s 
of f iss i le m a t e r i a l we re rep laced with dep le ted u r a n i u m . The r e m a i n i n g 58 
cen t r a l d r a w e r s , including the ten con t ro l and safe ty r o d s , w e r e loaded wi th 
the n o r m a l fuel content for the in i t ia l loading in the a p p r o a c h to c r i t i c a l . 
Subsequent loadings in the app roach to c r i t i c a l w e r e a c h i e v e d by r e p l a c i n g 
the depleted u ran ium in the "p re loaded" c o r e d r a w e r s wi th fuel. Af ter each 
i n c r e m e n t a l fuel loading, the ha lves of the r e a c t o r w e r e b r o u g h t t o g e t h e r and 
subc r i t i c a l mul t ip l ica t ion count r a t e s taken wi th the two c o n t r o l r o d s c o m 
ple te ly withdrawn and again with the con t ro l r o d s c o m p l e t e l y i n s e r t e d . Two 
methods were used to e s t ab l i sh p r o g r e s s i v e e s t i m a t e s of c r i t i c a l m a s s and 
safe i n t e r m e d i a t e fuel i n c r e m e n t s . Plo'ts w e r e c o n s t r u c t e d for the i n v e r s e 
count ra te v e r s u s m a s s in va r ious f o r m s to m o n i t o r the a p p r o a c h to c r i t i c a l . 
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A typical curve from one of the five counting channels, in 
which the product of the inverse count rate and the square of the mass ver
sus the mass is plotted, is shown in Fig. I.B.3. The criticality region in
dicated in the figure is defined as being between the fuel loading where the 
assembly would go cri t ical with two control rods fully inserted, and the fuel 
loading where the assembly would go cri t ical with two control rods fully 
withdrawn. Criticality was achieved with one control rod partially inserted 
and the other fully inserted. The total loading was 215 kg of fissile mater ia l , 
including the full inventory of the partially inserted control rod. At this 
point, the safety rods were loaded with additional fuel from adjacent drawers 
to increase their total reactivity worth above the minimum of l j % Ak/k as 
required in the ZPR-3 Operating Limits. The edge of the core was also ad
justed to a more nearly cylindrical shape. With these changes, this part icu
lar loading is known as the reference core for Assembly 51. A full description 
of the reference core and safety-rod reloading is given in the Progress Re
port for January 1968, ANL-7419, p. 11. 

• o c ELECTROMETER 
— ROOS IN 
— ROOS OUT 

•OfVCKjn REOON 

GO 70 SO 90 100 n o 120 130 140 ISO 160 170 ISO 190 200 210 220 230 240 ZX> 260 270 280 290 

MASS 

Fig. I.B.3. Approach to Critical with Assembly 51 
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(ii) Worth of Core Drawers at Core-reflector Interface. The 
reference core is used as the reference loading for most of the experiments 
on Assembly 51. Table I.B.I summarizes the fissile inventory in the ref
erence loading. 

TABLE I.B.I. Fissile Inventory in Assembly-51 Reference Core 

Fiss i le Mass 
Number of " ' P u + " ' P u + " ' U 

Core Drawer Type Drawers (kg) 

Type A^ 110 114.905 
Type A*^ 96 76.606 
Control Rod 2 2.109 
Safety Rod 8 12.718 
Drawer above Safety Rod 8 3.848 
Drawer below Safety Rod 8 2.564 

Total Fissi le Mass^i 212.750 

A--Drawers in even-numbered matrix columns; A*--Drawers 
in odd-numbered matrix columns. 
It should be noted that this inventory includes the total fuel in 
one partially inserted control rod. 

With the control rods fully inserted, the reactor (containing 
212.75 kg of fissile material) would have an excess reactivity of 58.5 Ih at 
an average core temperature of 34.5°C. This excess reactivity of 58.5 Ih 
may be removed by a control-drawer withdrawal of 4.585 in. at a power 
level of 3 W. These data have been corrected for the fact that the reactor 
IS subcritical by 8.2 Ih at 3 W because of the intrinsic neutron source a r i s 
ing from spontaneous fission in the plutonium, 

, , , , , , / „ '^^^ temperature coefficient of reactivity was determined 
to be -2.34 Ih/°C. 

^ .. ., ^̂  ^ ^^"e« °f measurements was made to determine the r e -

inter Ice '^Th ' T T : " ' ' " ^''^^''^ P ° ^ ' ' ^ ° - ^' '"^^ core- ref lec tor 
Eachm ^^"'^ measurements a re summarized in Table I.B.2. 
t e r c h " : r 7 ' ^ ' " " " ' represents the reactivity change associated with the in-

he e measur ' \ " ^ ' ' ° ' " ""^"^^ " " ' ^ ^^^ respective core drawer. All 
tnese measurements were made in Half No. 2. 

86 75 Ih/k . f f " ' ! " ^ '^^ '" '^"^' °^ ̂ ^^'^^ ^•^•^' ^" average specific worth of 
cess ' a , T.! " " ' " ' " ' '^ "'^'^^"^^ ^ ' - ^-di"« °f 30.98 cm. The ex
cess reactivity of 58.48 Ih represents 0.67 kg of fissile mass at the core 
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TABLE I .B.2 . Sxunmary of Worths of Core Drawers at Core -re f l ec tor Interface 

Drawer 

2 - J - 1 7 
2 -L-21 
2 - M - l l 
2 -O-10 
2 - J - 1 8 
2 -K-20 
2 - P . 2 2 
2 - L - 2 0 

* » ' P u + " ' P u ^ 

F i s s i l e M a s s ^ 

- '"u. 

(kg) 

0.79798 
0,79798 
0.79798 
1.04459 
1.04459 
1.04459 
1.04459 
1.04459 

Worth 
(Ih) 

67,67 
56.54 
77.21 
95.68 
85 61 
80.84 
94,67 

104,45 

Spe x i f ic Worth 
(Ih/kg) 

84 80 
70,85 
96.76 
91.60 
81 96 
77 39 
90.63 
99 99 

Radius 
(cm) 

30 90 
32.53 
29.62 
30.90 
32 13 
32.53 
30.48 
28 74 

Subtraction of 0.67 kg from the total inventory of 212.75 kg 
gives a cr i t ical mass of 212.08 kg of fissile mater ia l with fully inserted 
control rods. No correct ions a re included for heterogeneity or for the per 
turbation to the average regional composition due to the reloading of the 
safety rods. 

The sensitivity of the neutron multiplication factor k to a 
change in fissile mass at the boundary can be found by using the value 1.036 x 
10' Ih per percent k as calculated for this assembly. The relationship be
comes Ak/k = 0.178 AM/M for incremental fuel changes at the core boundary. 

5. ZPR-6 and -9 Operations and Analysis 

a. Integral Studies of Large Systems (W. Y. Kato) 

Last Reported: ANL-7438, pp. 17-18 (March 1968). 

(i) ZPR-9. Assembly 23 was removed and Assembly 24 was 
loaded. The final cr i t ical mass was 505 kg. Average atomic concentrations 
and the sizes of the regions a re given in Table I.B.3. 

TABLE I,B 3, Atomic Concentrations and Dimens ions for ZPR-9 Assembly 24 

Region 

Core 
Buffer 
Driver 
Steel Reflector 
Depleted Ref lector 

Fe 

6,8313 
6,8313 

22,3486 
77.7700 

4.3320 

At 

Ni 

0,8635 
0,8635 
2,8252 
0 8910 
0 5400 

omic Dens i t i e s x 10' 

Cr 

1,9496 
1,9496 
6,3785 
2 0360 
1 1400 

C 

43 4188 
43.3299 
43.3399 

-
-

. 21 

"•u 

13.2997 
14.5596 
0 1624 

-
39 9300 

"»u 

1.1626 
0 0311 
2 2765 

-
0 0810 

(cm) 

25 88 
30.66 
50,85 
64.38 
80 95 

The mater ia l concentrations in the central zone were ad
justed experimentally so that koowas unity at the center of the central zone, 
and the carbon and depleted concentrations were selected so as to maximize 
the neutron flux in the energy region of the ^^'Pu alpha uncertainty (i.e., 
1-10 keV). 
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- t o - f i s s i o n rat ios ) 

f o r 239 Pu + 

The i n t eg ra l alpha va lues ( i .e . , the c a p t u r e -
"^U a r e being m e a s u r e d by two d i f fe ren t m e t h o d s . The null-

r eac t iv i ty types of m e a s u r e m e n t s w e r e m a d e f i r s t . In th i s m e t h o d t h e n e u 
t r o n sou rce is equal to the abso rp t ion at the c e n t e r of the c e n t r a l zone , and 
no adjoint weighting of the t e r m s in the alpha e x p r e s s i o n is n e c e s s a r y . T h e s e 
m e a s u r e m e n t s a r e comple te , and data reduc t ion is in p r o g r e s s . 

The second set of a lpha m e a s u r e m e n t s i s in p r o g r e s s . The 
technique u t i l i zes that d e s c r i b e d by R e d m a n and B r e t s c h e r . * A ' Cf s o u r c e 
is used to e s t ab l i sh the wor th of f i ss ion n e u t r o n s . 

b . He te rogene i ty Effects (C. E. Til l ) 

Las t Repor ted : ANL-7419 , p. 17 (Jan 1967). 

(i) F i n e - s t r u c t u r e M e a s u r e m e n t s in A s s e m b l y 6 of Z P R - 6 . The 
n o r m a l loading pa t t e rn in the s i n g l e - d r a w e r unit ce l l of A s s e m b l y 6 is shown 
at the bot tom of F ig . I .B.4. A s imple change in th is loading p a t t e r n w a s made 
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Fig. I.B.4. Fine Structure in 235^ Fis,io„, 238^ p.^ion. and 238u capture 
in the Normal Configuration of 238^ ;„ Assembly 6 of ZPR-6 

*Redraan and Bretscher, Nucl. Sci. Eng. 27. ,i4 (1967) 
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by bunching all the ̂ *̂U to al ter the effects of heterogeneity. The change 
was made in an 80-drawer region at the center of Assembly 6. The altered 
loading pattern of a drawer is shown at the bottom of Fig. I.B.5. The gain 
in reactivity associated with the change in the loading pattern was 93 Ih 
(0.206% Ak/k). The fine s t ructure in the fission rates of " ' U and " ' U , and 
the capture rate in ^"U, were measured using ^ '̂U and ^'"U foils in both the 
normal and bunched loading pat terns . The " ' U foils were placed between 
each plate in the central drawer of one half of the reactor, 2 in. from the 
midplane, and the ^̂ *U foils were similarly placed in the other half. The 
foils were counted relatively, and in some cases , checked by radiochennical 
techniques. 
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Fig. I.B.5. Fine Structure in 235u Fission. 238u Fission, and ^-^U Capture 
in Bunched Configuration of 238u in Assembly 6 of ZPR-6 

F i g u r e I .B.4 i l l u s t r a t e s that the ^^^U f i s s ion r a t e in the 
n o r m a l loading p a t t e r n d e c r e a s e s s ign i f i can t ly in the v i c i n i t y of t he ^'*U 
fuel p l a t e . The "*U c a p t u r e r a t e d i s t r i b u t i o n b e h a v e s a n a l o g o u s l y ; the ^ " U 
f i s s i o n r a t e i n c r e a s e s s h a r p l y n e a r the "^U fuel p l a t e . 



The c o m p a r a b l e r e s u l t s for the bunched p a t t e r n a r e shown 

in F ig . I .B .5 . 

(ii) C o m p a r i s o n s of M e a s u r e m e n t s wi th C a l c u l a t i o n s of the F i n e 
S t r u c t u r e in A s s e m b l y 5 of Z P R - 6 . The f i n e - s t r u c t u r e m e a s u r e m e n t s in 
A s s e m b l y 5 (See P r o g r e s s R e p o r t for A p r i l 1967, A N L - 7 3 2 9 , pp . 25 -33 ) have 
been ana lyzed using E N D F / B c r o s s s ec t i on data in the fol lowing m a n n e r . The 
MC^ code* was used to g e n e r a t e b r o a d - g r o u p c r o s s s e c t i o n s for a h o m o g e 
neous m i x t u r e with the s a m e o v e r a l l n u m b e r d e n s i t i e s a s the p l a t e - t y p e h e t 
e rogeneous c o r e . The "*U c a p t u r e c r o s s s e c t i o n s then w e r e c o r r e c t e d for 
the d i f ferences in Op be tween the homogeneous and h e t e r o g e n e o u s g e o m e t r i e s , 
us ing c u r v e s given by Meneghe t t i , ** taking Op as the a v e r a g e Op of t he U 
p la tes in the t h r e e - d r a w e r unit ce l l . The ad jus ted c r o s s s e c t i o n s w e r e t h e n 
used in the SNARG-ID code"'" to ca l cu l a t e the s p a t i a l d i s t r i b u t i o n s of the 
fluxes th rough the unit ce l l . T h e s e ca l cu l a t i ons w e r e m a d e wi th the mod i f i ed 
Gauss ian q u a d r a t u r e points sugges t ed by Meneghe t t i , u s ing the n = 16 a p 
p rox ima t ion . The SNARG fluxes g e n e r a t e d by th i s p r o c e d u r e w e r e t h e n u s e d 
d i r ec t ly to ca lcu la te the f iss ion and c a p t u r e r a t e d i s t r i b u t i o n s t h r o u g h the 
cel l for c o m p a r i s o n s with the m e a s u r e m e n t s . The f i s s ion c r o s s s e c t i o n s 
that w e r e used to ca lcu la t e the ^^^U and ^^*U f i s s ion r a t e s w e r e t a k e n f r o m 
the set g e n e r a t e d for A s s e m b l y 5 by the MC^ code. The ^^'U c a p t u r e c r o s s 
sec t ions s imp ly used the Op a p p r o p r i a t e to the ^^'U p la te wi th in the p l a t e , 
and infinite di lut ion va lues outs ide the ^ ' 'U p l a t e s . The m e a s u r e m e n t s and 
ca lcu la t ions for the bunched loading p a t t e r n , n o r m a l i z e d to a g r e e at t he point 
of m a x i m u m reac t ion r a t e , a r e shown in F i g . I .B .6 . T h e r e i s f a i r a g r e e m e n t 
be tween the m e a s u r e d and ca l cu la t ed ^'^U f i s s ion r a t e s , a l though the m e a 
su red va lues tend to show h igher peaks and lower v a l l e y s . The "^U f i s s ion 
r a t e s a p p e a r to be d e s c r i b e d r a t h e r wel l by c a l c u l a t i o n s , i nd i ca t i ng tha t the 
p r o c e d u r e handles the h i g h - e n e r g y h e t e r o g e n e i t y effects a d e q u a t e l y . The 

U cap tu re r a t e s show appa ren t a g r e e m e n t only for po in t s e i t h e r we l l wi th in 
or wel l outs ide the "*U region , as migh t be expec t ed f r o m the s t e p - f u n c t i o n 
desc r ip t i on of the "^U se l f - sh ie ld ing used in the c a l c u l a t i o n a l p r o c e d u r e . 

The r a t io s of ^^'u f i s s ion and c a p t u r e to "^U f i s s ion p r o v i d e 
an index of the c r o s s - s e c t i o n adequacy. As F i g . I. B.6 i n d i c a t e s , t h e r a t i o of 

Û  cap tu re to "^U f iss ion is p r e d i c t e d too high by about 20%, and the r a t i o 
of U f iss ion to ^^U f iss ion i s p r e d i c t e d too low by about 25%. S i m i l a r 
ana lyses of the fine s t r u c t u r e in an unbunched "^U ce l l w e r e a l s o p e r f o r m e d 
These r e s u l t s a r e shown in F ig . I .B.7 . The a p p a r e n t d i s a g r e e m e n t b e t w e e n 
ca lcula t ion and m e a s u r e m e n t s of the »«U c a p t u r e r a t e s i s due in p a r t to the 
fact that the r a t e s w e r e m e a s u r e d outs ide the "«U p l a t e s only. F o r t h i s c a s e 
the ra t io of U cap tu re to "^U f i ss ion was p r e d i c t e d too h igh by about 24%, 
and the r a t io of »«U f iss ion to "^U f iss ion was p r e d i c t e d l o w e r by 19% t h a n 
the m e a s u r e d value. 

*Toppel. B. J., « â ., ANL-7318 (June 1967). 
••Meneghetti, D., ANL-7320 (Oct 1966). 

Duffy, G., et al̂ ,̂ ANL-7271 (June 1966). 
Meneghetti, D., Nucl. Sci. Eng. n , 295 (1962). 
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The c r i t i c a l m a s s ca lcu la ted with the M C ^ - g e n e r a t e d c r o s s -
sec t ion se t s for a homogeneous A s s e m b l y 5 was 2554 kg "^U. Af te r the he t 
e rogene i ty c o r r e c t i o n s through ttp, and ave rag ing of the c r o s s s e c t i o n s o v e r 
the un i t - ce l l fine s t r u c t u r e , the c r i t i c a l m a s s was l o w e r e d to 2112 kg. T h e s e 
values m a y be compared with the m e a s u r e d value of 1583 kg of "^U. This i s 
a r a t h e r l a rge d i sc repancy , and might be expec ted f rom the o v e r p r e d i c t i o n 
of the U capture and the u n d e r p r e d i c t i o n of the "«U f i s s ion g iven by the 
ca lcula t ional technique. Whether the e r r o r can be t r a c e d to the E N D F / B 
data for U, or whether the c r o s s sec t ion a v e r a g i n g p r o c e d u r e is s i m p l y 
inadequate , is not known at the p r e s e n t t i m e . 

^- Z P P R Opera t ions and Ana lys i s (W. G. Davey and P . I. A m u n d s o n ) 

Las t Repor ted: ANL-7348 , pp. 20-22 ( M a r c h 1968). 

^- Bas ic Studies of L a r g e P lu ton ium S y s t e m s 

'^^ Pj^Qgram. Definit ive d e s i g n w o r k for the Z P P R C o r e I con
t inues . Evalua t ions of a v e r a g e ce l l c o m p o s i t i o n s in each zone a r e in p r o g r e s s 
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as the initial step of a preanalysis program to be carr ied out for all ZPPR 
cores . The exact cell compositions await additional data about certain fuel 
and diluent physical charac ter i s t ics that will be available upon completion 
of fabrication. 

(ii) Experimental Equipment. The development of major 
reac tor -assoc ia ted experimental devices continues. The design of the 
perturbation sample changer has been finished, checked, and approved 
for construction. The bid package is being reviewed by potential vendors. 

Orders have been placed for selected perturbation sample 
mate r i a l s . Assembly of samples will commence upon receipt of the initial 
order . 

The detail drawings for the axial t r ave r se drive system 
have been finished and checked. A bid package is presently being a s sem
bled and will be sent to potential suppliers. 

Design work continues on the sannple changer for the axial 
t r ave r se system. Design changes have been incorporated to amplify the 
capabilities of this system for handling both box-type reactivity-coefficient 
samples and foil packages. 

Fabricat ion of parts for an initial autorod is complete and 
it is being assembled. Bench testing of the rod-drive portion of the system 
will begin shortly. 

The cri t ical i ty monitoring system for the vault and work
room is being installed. Cables are being assembled for data t ransmiss ion 
to the reactor control console. 

Prepara t ions are underway for acceptance tes ts and storage 
of the initial shipment of ZPPR fuel. 

b. Doppler Coefficients Three alternative proposals for the drive 
system were evaluated and one was selected. Detail design work on the 
chosen system is in p rogress The design has been discussed in detail with 
Reactor Physics Division personnel to ensure compatibility with the Doppler 
samples , and modifications a re in p rogress to incorporate recent changes in 
the Doppler-sample design. The final dimensional checkout is complete ex
cept for these modifications. 

c. Sodium Coefficients. Development work on the axia l -sample 
drive mechanism continues. 

d. Reactor Technique Development 

(i) Prec i s ion Reactivity Measurements . A computer code has 
heen wri t ten to oredict the e r r o r s in reactivity measurements due to reactor 
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noise. The computation is based on the integral of the autorod noise spec
trum. Calculated data are in good agreement with ZPR-3 measurements in 
indicating substantially larger e r ro r s at lower detector efficiencies and/or 
lower power levels. The results indicate a substantial improvement by this 
method as compared to the assumption of a constant rod-noise spectrum 
W(a)) = •W(O). 

(ii) Foil Techniques. The analysis of '̂̂ U and ^''U exposures 
and identification of peaks for the ^^'Pu exposure permit selection of the 
gamma-ray peaks of interest and the specification of the foil-counting sys 
tem for ZPPR. Requests for quotations have been submitted for the major 
system components. 

Computer programs which will locate gamma-ray peaks, 
integrate them and subtract background, give standard deviations, etc., a re 
almost complete. Par ts of these programs are now operational (see 
Sect. I.B.2). 

(iii) Automation of Data Acquisition. This program covers work 
on control and readout equipment for the experiments on ZPPR that require 
automation. 

(a) Digital Position Indicators. The display portion of the 
prototype of the digital position indicator is complete. Development con
tinues on the remainder of the system. 

(t>) Digital Multiplexer. Development and testing of the 
digital multiplexer continues, 

^^^ Autorod Control. Construction of the autorod control 
system continues. 

("̂ ) Data Acquisition and Recording System. A vendor has 
been selected to supply the system. Operating procedures for this system 
are being formulated. 

(iv) Training. The Idaho Division Reactor Technology Training 
Course is complete. Technicians and staff of ZPPR are now engaged in a 
systems training program which will cover in detail all major aspects of 
ZPPR operations and maintenance. 

-̂ ZPR Fuel and Nonfissile Materials--Technical Assistance 

^- F'^^l Element Fabrication Development ( j . E. Ayer) 

Last Reported: ANL-7403, pp. 20-22 (Dec 1967). 

lar oxide . * " f ^°" ' ;""edon the development of procedures for making modu-
Ind 0 51 ; ° ? H ' k " ^''''''- P - " ° - l y . UO^discs (4.22 cm in diameter 
and 0.51-cm thick) were hot pressed, five specimens at a t ime. In one instance 



11 s p e c i m e n s w e r e hot p r e s s e d a t the s a m e t i m e . The d i e , p u n c h e s , and 
s p a c e r s for the p r e s s i n g s w e r e m a d e f r o m C S - g r a d e g r a p h i t e , a c o a r s e , 
soft , and r e l a t i v e l y w e a k m a t e r i a l . D u r i n g t h i s r e p o r t i n g p e r i o d d i e s , 
p u n c h e s , and s p a c e r s w e r e m a d e f r o m A T J - g r a d e g r a p h i t e , wh ich is f ine
g r a i n e d , h a r d s u r f a c e d , and s t r o n g e r t h a n the CS g r a d e . The s p e c i m e n 
s h a p e a l s o w a s changed to a s q u a r e ( 5 . 0 8 - c m s ide wi th a t h i c k n e s s of 
0.51 c m ) that i s a p p r o x i m a t e l y the s i z e of the m o d u l a r fuel p l a t e s for the 
Z P P R . 

T h r e e p r e s s i n g s , e a c h wi th five s p e c i m e n s in a s t a c k , w e r e 
m a d e a t a p r e s s u r e of 125 k g / c m and at a m a x i m u m t emperature of 1625 
to 1630°C. E a c h p r e s s i n g w a s above 1600°C for 15 m i n ; for each , h a r d -
s u r f a c e p a p e r l i n e r s w e r e u s e d . The f i r s t five s p e c i m e n s r e l e a s e d c l e a n l y 
f rom the m o l d and w e r e in r e l a t i v e l y good condi t ion Unl ike the c o m p l e t e l y 
b l a c k a p p e a r a n c e of s p e c i m e n s p r e s s e d in C S - g r a d e g r a p h i t e , t h e s e w e r e 
d a r k b r o w n i s h - r e d e x c e p t at the edges S o m e of the c o r n e r s w e r e ch ipped . 
A flowing a r g o n b l a n k e t was u s e d d u r i n g the s econd p r e s s i n g to r e d u c e 
we igh t l o s s in the top s p e c i m e n in t he s t a ck* and to ex tend the life of the 
d ie , p u n c h e s , and s u s c e p t o r . T h e a r g o n flow w a s m a i n t a i n e d a t a r a p i d 
r a t e a f t e r p o w e r shutoff un t i l t he die a s s e m b l y w a s be low r e d hea t ; then the 
flow w a s r e d u c e d to 1 f t ' / h r . The s p e c i m e n s f r o m t h i s p r e s s i n g r e l e a s e d 
c l e a n l y and had the b r o w n i s h - r e d co lo r of the p r e v i o u s run , but c o r n e r c h i p 
ping had i n c r e a s e d ; the s e c o n d s p e c i m e n f rom the top had f r a c t u r e d into s e v 
e r a l p i e c e s . T h e r m a l shock was c o n s i d e r e d the b e s t e x p l a n a t i o n for the 
f r a c t u r e of t he s p e c i m e n T h e r e f o r e , aga in u n d e r a flowing a r g o n b l anke t , 
the t h i r d p r e s s i n g was s lowly coo led by g r a d u a l l y r e d u c i n g the p o w e r . T h i s 
p r o c e d u r e r e s u l t e d in m o r e s e v e r e f r a c t u r e . The s e c o n d and t h i r d s p e c i 
m e n s f r o m the top of the s t a c k b r o k e in to s e v e r a l p i e c e s ; the s e c o n d a l s o 
s tuck to the s p a c e r , i nd i ca t i ng s o m e s u r f a c e r e a c t i o n . T h i s r e s u l t s u g g e s t s 
tha t the t e m p e r a t u r e w a s too high for p r e s s i n g UOj in ATJ g r a p h i t e . 

8. Z P R F u e l and N o n f i s s i l e M a t e r i a l s - - P r o c u r e m e n t 

L a s t R e p o r t e d : A N L - 7 4 1 9 , pp. 21 -25 ( Jan 1968). 

a. P r o c e s s M a t e r i a l s 

(i) P l u t o n i u m ; 11.5% ^'"'Pu Ingo ts , A p p r o x i m a t e l y 3933 kg of 
p l u t o n i u m m e t a l i ngo t s of a p p r o x i m a t e l y u n i f o r m c o m p o s i t i o n a r e r e q u i r e d 
to m a n u f a c t u r e t he b a s i c U - 2 8 . 3 % P u - 2 . 5 % Mo Z P R fuel e l e m e n t s . T h i s 
q u a n t i t y of p l u t o n i u m m u s t be d r a w n f r o m s e v e r a l s o u r c e s tha t p r o d u c e 
q u i t e d i f f e r en t i s o t o p i c c o m p o s i t i o n s . Mos t of t h e s e p r o d u c t s have Pu: 
^'*°Pu: ^ '"Pu: " ^ P u r a t i o s t ha t , a l t h o u g h not c o n s t a n t , v a r y in an o r d e r e d 
m a n n e r . T h e r e f o r e , i t i s p o s s i b l e to a c h i e v e a c o n s i d e r a b l e n o r m a l i z a t i o n 
of t he i s o t o p i c c o m p o s i t i o n by b l end ing to a c o n s t a n t ^'*°Pu con ten t . F u r t h e r 

*The weight loss was probably due to oxidation of the top specimens, resulting in the formation of 
volatile oxides. 
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normalization is achieved by adjustmg the composition of the fuel elements 
,.,„* 239p,, , 24ip content. Review of the compositions available 

L r t T : vTr^oufsrurcrs^mdicated that by blending to 11.5% ^ P u U would 
be possible to achieve compositions within the following specification limits: 

Isotope Weight Percent 

" 8 p u 
" ' P u 
""Pu 
" •pu 
242p^ 

<0.2 
85.70 to 87.60 
11.2 to 11.8 
1.0 to 2.5 
0.25 to 0.50 

Permission was granted to have the ZPR plutonium blended 
to 11.5% "°Pu and cast as ingots in the AEC Hanford Plant. An order was 
placed with Isochem Inc. to begin this work in Jan 1967. By March 1968, 
Isochem Inc. and its successor contractor, the Atlantic Richfield Hanford 
Corp., had completed orders for the ingoting and analysis of 2600 kg pluto
nium. Modification No. 3 to the order was placed on March 8, 1968 for 
ingoting an additional 600 kg plutonium to complete a cumulative total of 
3200 kg of plutonium ingots by June 30, 1968. Blending Lot No. 21 cover
ing plutonium to complete this amount was approved on April 24, 1968. On 
April 30, 1968, 2841 kg plutonium had been ingoted and about 67 kg were in 
process. Shipments of a total of 2176 kg plutonium have been made to fuel 
fabricators. 

Experience has shown that a three-month lead t ime is re 
quired from start of plutonium processing to shipment to the fabricator. A 
month is required for composition verification by the fabricator. In order 
to save time, melt samples were prepared at Hanford for simultaneous 
analysis by ARHCO and NUMEC The sample preparation, sample and ingot 
identification, and packaging for shipment were witnessed and certified by an 
observer appointed from Battelle Pacific Northwest Laboratory. 

The quantity of plutonium produced during each month that 
the order has been in effect and cumulatively a re shown by the second and 
third columns of Table I.B.4. The average of isotopic analyses and 2a varia
tion of the analyses is reported in columns 5 through 9; the americ ium con
tent and range are shown in the last two columns. 

(ii) Plutonium; 27.5% ^^°Pu. It has been necessary to reschedule 
the fabrication of the 27.5% ^^"Pu elements from FY 1969 to early FY 1970 in 
order not to interrupt the fabrication schedule of the 11.5% "°Pu fuel ele
ments. The AEC Richland Operations Office has been requested to delay 
processing the 27.5% "°Pu to the last qilarter of FY 1969 so that the ^^'Am, 
a decay product of the 6% of ^*'Pu in this mater ia l , will be as low as possible 
at the time of fabrication. 
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TABLf I.B.4. Summary ol ARHCO Ingot Production anO Analysts 

Montti 

Ingoted 

Fab 1967 

Mar 
Apr 
May 
June 

July 

Aug 

Sept 

Oct 
Nov 
Dec 
Jan 1%8 

Fet 
Mar 

Apr 

kg Pu 

(wr month 

176.6 

281.8 

3M.7 

275.0 

2M.3 

24.4 

71,0 

S4.6 

574.2 

161.1 

253.1 

164.0 

270.0 

kg Pu 

Cumulative 

176.7 

458.4 

803.1 

1078,0 

13373 

1361,7 

1432,7 

1487.3 

2061.5 

2222.6 

2475.7 

2644.7 1 

2841 .0" ; 

No. ol 

Analyses 

hll 

53 
91 

112 
91 
85 

10 
24 
18 

188 
49 
81 

238pu 

K 

0.038 

0.032 

0.039 

0.040 

0.049 

0.056 

0.054 

0.074 

0,061 

0,049 

0,056 

I K A I I 

120 

0,024 

O017 

0,032 

0,027 

0.027 

0.030 

0.025 

0.014 

0.029 

0.025 

0.027 

23 'Pu 

X 

86.746 

86.796 

86,710 

86,542 

86,660 

86,711 

86,813 

85,883 

86,317 

86,752 

86,562 

Analysis data not yet complete 

l»/ol 

t2o 

0,445 

0,349 

0,374 

0,520 

0,507 

0,070 

0.304 

0.406 

0,784 

0,374 

0,548 

2«)pu 

> 
11,504 

11,609 

11.536 

11.519 

11.490 

11.487 

11456 

11,569 

11,490 

11,473 

11,498 

IWol 

l2o 

0,194 

0,292 

0.302 

0.362 

0.347 

0.176 

0.236 

0.388 

0.233 

0.288 

0.351 

2 " P u IWol 

1 

1.565 

1.492 

1.566 

1.704 

1.687 

1683 

1.513 

2.303 

1,916 

1566 

1,706 

±2o 

0,368 

0.370 

0.202 

0.285 

0 .2M 

0.111 

o.in 
0.228 

0.40* 

0.078 

0.290 

M2PL 

1 

o.ur 
0.130 

0.149 

0.183 

0.177 

0.177 

0.160 

0.211 

0.211 

0.149 

0.175 

J l a ^ l 

at 

0.038 

0.021 

0.040 

0.040 

0.32 

0.022 

0.004 

0.012 

0.064 

0.016 

0.031 

2* lAm Ippml 

X 

598 
474 
338 
314 
466 

911 
1106 

740 
580 
423 
488 

Range 

1007 

1076 

604 
785 
849 

1126 

1775 

323 
416 
290 
202 

"This amount corrected to current data supplied by ARHCO 

(iii) Stainless Steel. Additional stainless steel wire was ac
quired to be formed into jacket end plugs. Although the mill analyses 
showed this wire to have been made from TP-304L ingot, the carbon analy
ses of the wire were slightly above the TP-304L carbon range. In order to 
expedite production of the end plugs, the wire was accepted as a deviation 
to ANL Specification P F - 1 600. 

Identical tubing specifications, except for dimensions, were 
prepared for the oxide-element jacket sleeves and the calandria tubes. In 
order that the jackets will be uniform for each oxide-fuel-element contract 
and for the calandria, ANL is ordering this tubing and will supply it to the 
fuel-fabrication contractors . Bids are due for the tubing on April 30. 

(iv) Fuel-element Production. The Dow Chemical Co. completed 
the manufacture of 4171 fuel elements containing 758.1 kg plutonium in 
March 1968. Dow consolidated and remelted the solid scrap from their 
machining operations and this mater ia l was cast as plate stock measuring 
2.00 x 0.200 X •• 1 0 in. long. Ninety-four castings weighing 108.5 kg and con
taining 29.9 kg of plutonium were supplied to the Laboratory with their analy
ses . These castings will be fabricated at ANL into 4-in. instrument t r ave r se 
fuel elements. 

Dow developed a "fast-recycle" chemical process for r e 
covery of their machining chips and crucible skulls, involving calcining, 
nitric acid dissolving, oxalate precipitation, hydrofluorination, and reduc
tion. The plutonium recovered in this process contained I j to 10% uranium 
and about 1900 ppm americium, but otherwise, the recovered plutonium met 
ANL Specification PF-1607 for zero-power reactor-fuel plutonium. Dow 
quite successfully used this mater ia l to fabricate fuel elements meeting all 
of the requirennents of Specification PF-1600. NUMEC was extremely 
cautious about accepting recycle fuel from the Dow operation and submitted 
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a p r o p o s a l for the use of this m a t e r i a l which was p r o h i b i t i v e in c o s t . S ince 
the " f a s t - r e c y c l e " plutonium could not be e c o n o m i c a l l y used at NUMEC, the 
s c r a p - r e c o v e r y opera t ion was stopped at Dow. 

Dow is d i sman t l ing the Z P P R f u e l - e l e m e n t - p r o d u c t i o n l ine . 
Contamina ted equipment is being c leaned and wil l be r e u s e d at Dow w h e r e 
p o s s i b l e . The fue l -e l ement welding m a c h i n e s and v a c u u m - g l o v e b o x b a l a n c e s , 
as wel l as l eak -de tec t ion and inspec t ion equ ipment , a r e being sh ipped to ANL. 
This equipment will be used in the m a n u f a c t u r e of s p e c i a l fuel e l e m e n t s and 
wil l be ma in t a ined in opera t ing condit ion should f u e l - e l e m e n t p r o d u c t i o n be 
r e q u i r e d to back up the c o m m e r c i a l s o u r c e . 

(v) Fue l F a b r i c a t i o n at NUMEC. NUMEC s igned a c o n t r a c t wi th 
ANL on Ju ly 28, 1967, for the fabr ica t ion of 5379 U-28 .3% P u - 2 . 5 % Mo fuel 
e l emen t s containing 1000 kg plutonium. The c o n t r a c t has two fo l low-on op
t ions . Option No. 1 i s for 3091 fuel e l e m e n t s conta ining 575 kg of p lu ton ium 
and Option 2 is for 3366 fuel e l e m e n t s containing 625 kg of p lu ton ium. The 
monthly and cumula t ive d e l i v e r i e s of fuel e l e m e n t s f rom NUMEC a r e shown 
in Table I .B.5 . 

TABLE I.B.S, Fuel Elements Produced by NUMEC and Dow 

NUMEC 
NUMEC 
NUMEC 
NUMEC 

NUMEC 

D o w 

Total Fal 

1968 

J a n 

F e b 
March 
Apr i l* 

Totals 

Totals 

br icated 

I 

118 

1 1 8 

E l 

4 

140 

110 

139 
54 

44 3 

7 3 9 

1182 

ement 

5 

2 1 3 
2 2 0 

194 

148 

7 7 5 

1085 

1860 

Size (i 

6 

151 
106 

2 1 8 

239 

714 

779 

1493 

„,) 
7 

121 

1 10 
2 5 3 

389 

8 7 3 

7 2 0 

159 3 

8 

2 1 8 

9 8 
121 

2 1 0 

6 4 7 

7 2 7 

1374 

Monthly 
Total 

8 4 3 

6 4 4 

9 2 5 

1040 

3422 

4168 

Total 

84 3 
1483 
2 4 1 2 
3422 

" 

7590 

Pu (k 

Monthly 

161,8 
1 17,4 
175,8 
213,0 

668,0 

7 6 0 

g) 

Cumulative 

161,8 
279.2 
455.0 
668.0 

~ 
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^April production does not include Shipment 51, which is included in Table IB,6 . NUMEC elements 
are as-received at ANL during each month, Plutonium is as shown by the IBM fuel-element data 
cards supplied with each shipment and is subject to ANL verification. 

The sh ipments of fuel e l e m e n t s f rom M a r c h 27 t h r o u g h 
Apr i l 29 contained 202 kg of p l u t o n i u m - - d o u b l e the r a t e of 100 kg p lu ton ium 
pe r month scheduled in the con t r ac t . The n u m b e r s of fuel e l e m e n t s p r o d u c e d 
at NUMEC in Apr i l and cumula t ive p roduc t ion to Apr i l 30 a r e s u m m a r i z e d in 
Table I .B.6. 

N U M E C s work on chip and skul l r e c o v e r y w a s r e v i e w e d at 
a meet ing on Apr i l 23. Twelve 1- to 4-kg chip r e m e l t s had been induc t ion 
me l t ed in a vacuum glovebox. Carbon c r u c i b l e s w e r e p l a s m a - c o a t e d wi th 
ZrOz. Vacuum and i n e r t a t m o s p h e r e s w e r e t r i e d with and without flux a d d i 
t ions to the m e l t s . The bes t r e s u l t s w e r e ach ieved with c l ean ch ips of r e 
cent or ig in which w e r e "Oxylene" washed and m a g n e t i c a l l y and hand s o r t e d 
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to remove iron and t r amp impuri t ies . The chips were tableted to reduce 
bulk volume and to achieve better thermal t ransfer . Tempera tures of ap
proximately 1600°C were required to melt the tablets . Ingot yields on the 
clean chips were 50 to 75% of the weight charged. Very poor resul ts were 
obtained with oxidized chips (4 to 5 weeks old) and crucible skulls. Fluo
ride flux was tr ied on these but was not effective in removing the oxide and 
the fluorides caused difficulty in the furnace operation. The development 
process was scaled up to 8 kg in the production furnace, and ingot yields 
were near 80% of the metal charged. The analyses of the ingots showed 
high carbon, iron, and aluminum contents; however, there appeared to be 
no reason why the recovered ingot mater ia l should not be used in te rnary 
alloy mel ts if small enough proportions were used so that the specified 
impurity l imits were not exceeded. 

TABLE I.B.6. NUMEC April and Cumulative Fuel Production 

April 
1968 Cumulative 

Ternary Alloy Melts 71 359 
Inspected Core Plates 900 3890 
Fuel Elements Shipped 985* 3522* 
Plutonium Shipments (kg) 202.0* 683.3* 
Fuel Elements on Order 5379 

*Figures from NUMEC records a re subject to ANL verification. 
These figures include 13 fuel elements that have been rejected by 
ANL inspection and 64 fuel elements (2%) of production that have 
been selected for dejacketing, inspection and sampling, and in
cludes Shipment 51 not included in Table I.B.S. 

NUMEC had made four te rnary alloy melts which incorpo
rated 10 to 15% of recovered metal. The analysis of these melts met the 
specification and the core-pla te castings were s imilar in appearance to 
core plates made from virgin metal . Permiss ion was granted to fabricate 
the castings into fuel elements which have now been received at ANL and 
a re being evaluated. NUMEC has submitted revised process specifications 
and manufacturing instructions for ANL review pr ior to incorporating chip-
remelt operations in the fuel-fabrication process . 

(vi) Quality Evaluation of ZPR Fuel The ANL inspection, sam
pling, and analytical p rogram has continued. Several fuel elements were de-
jacketed at the request of the ANL Special Mater ia ls Division, sampled, and 
rejacketed as smal le r fuel elements for use as control standards in the 
gamma-spec t rome t r i c assay program. An attempt is being made to salvage 
useable cores from all evaluation elements , and these cores a re being used 
for the fabrication at ANL of instrument t r a v e r s e , thermocouple, and other 
special fuel e lements . 
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The charge-in compositions, NUMEC analyses, and ANL 
analyses are being statistically compared. The bias between charge-in 
compositions and analytical data was brought to NUMEC s attention in a 
meeting April 3. This trend has continued although the correspondence 
between ANL analysis of samples from dejacketed elements and NUMEC 
laboratory results now appears to be quite good. Results from eleven 
melts were examined for which both ANL and NUMEC plutonium assays 
and isotopic analyses were available. The following " ' P u + Pu percent
ages were derived from these data: 

By ANL By NUMEC 
Analysis Analysis 

11 melt avg, ^"Pu + ^^'Pu 24.88 w/o 24.87 w/o 
Standard deviation a ±0.17 w/o ±0.17 w/o 

The oxygen and nitrogen analyses of samples taken at ANL from fuel ele
ments are considerably above those shown by NUMEC on melt samples. 
Similar results have been noted for the Dow elements, and it may be that 
these levels increase with exposure of the core plates to air before 
jacketing. 

The ANL receiving inspection is current to within one week 
of receipt of the fuel elements. Rejections are presently less than 0.5%, and 
have been from nicks, scratches, weld c ra te rs , and nonperpendicularity of 
the fuel-element ends to the jacket sleeves. 

Analyses and mass spectrometry are four to six weeks be
hind as a result of the analytical load backlog from the ZPR and LMFBR, 
which compete for analytical t ime. In order to reduce this load, and hope
fully reduce the analysis lag, the rate of sampling is being reduced by 
50 percent in May 1968. 

^- Oxide-fuel Elements. Specification ZPR-1614 was prepared to 
cover the manufacture of ZPR depleted and enriched UOj and (U,Pu)02-
loaded fuel rods. The specification was written so that combined or sepa
rate subcontracts can be let for jacket tubing, jacket-component fabrication, 
depleted UO^ rods ("'Uo.le"'Vo.M)0^. and ("=Uo.46"'Uo.56)Oz rods, as well as 
three compositions of (U,Pu)02 rods. Copies of the specification were sub
mitted for AEC comment. A plan and schedule for procurement of oxide 
fuel rods was submitted, which will require a high-priori ty effort to the 
ZPR oxide-fuel procurement. 

^°^ Chemical Co. completed process studies on the fabrication 
01 UO2 pellets and produced two pilot-scale runs of 500 and 200 pellets each. 
Ihe pilot-production pellets were sinterable ADU-derived UO2 blended with 
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1.0 w/o s tear ic acid and 1.0 w/o Carbowax 4000. The mix was p repressed 
at 10,000 psi and granulated through a 28 mesh screen. The resulting gran
ules were weight charged into the pelleting die and pressed at 30,000 psi . 
The length-to-diameter ratio of the green pellets was 1.5:1. The first p ro
duction run was sintered at 1650°C for 4 hr, 90% of the pellets fell within 
the density range of 93 to 95% of theoretical density. The second lot of 
pellets was sintered at 1635°C; the density was 92 to 93% of theoretical 
density. 

Work on (U,Pu)02 started in March. Some difficulty was ex
perienced in establishing the cor rec t heating cycle in the gloveboxed sin
tering furnace. The heating rate , time at tempera ture , and hydrogen 
atmosphere were found to require very close control for the (Uoes.Puo.15)02 
and (Uo.71,PUQ 29)02 compositions. When sintering paramete rs were estab
lished, density, shrinkage, dimensional control, and pel let-surface char
ac te r i s t ics were found to be within acceptable limits for small lots, and a 
run of approximately 800 pellets has been started to establish stat ist ics 
for (U,Pu)02. 

c. Nonfissile Elements 

(i) Iron Oxide (D. E. Mitchell) 

Delivery of acceptable iron oxide plates from Lake Products 
is underway. The delivery schedule is 1500 plates per week, which will a s 
sure delivery of the 9900 plates required early in July. 

(ii) Sodium and Sodium Carbonate (D. E. Mitchell) 

DK Aerospace Co. is cutting, forming, and welding cans for 
the sodium and sodium carbonate elements . They were forced to move the 
sodium-filling operation outside of Chicago because of fire res t r ic t ions im
posed by the city. The relocated installation has been set up. In full pro
duction, DK will have seven welding stations operating on a two-shift bas is . 
They have installed a manual sodium-filling station as a backup to automated 
equipment in case of downtime on the automated unit. To assure meeting 
the requirement for 21,000 sodium elements by July in addition to the sodium 
carbonate elements , a limited fabrication of sodium elements is scheduled in 
Central Shops at ANL. 

Preproduction sodium carbonate wafers have been received 
from NUMEC. Their schedule provides for ample sodium carbonate e le
ments to meet current requi rements . 

(iii) Boron Carbide Elements (F. B. Huke) 

Boron carbide elements a re being procured for ZPR-3 
p rog rams supporting F F T F . Development of specifications has been a 



30 

coopera t ive effort among ANL-ID, A N L - I L L , and P N L . C o r e m a t e r i a l i s 
being des igned to fit the j acke t s l e e v e s of s o d i u m c a r b o n a t e e l e m e n t s , and 
jacket ing wil l be done for the ANL shops . Spec i f i ca t ions a r e in the f inal 
approva l s t age , and it i s expec ted tha t p r o c u r e m e n t wi l l be i n i t i a t e d d u r i n g 
the f i r s t week of May. 

9. Z P P R Cons t ruc t ion (H. L a w r o s k i ) 

Las t Repor ted : A N L - 7 4 3 8 , pp. 22-24 ( M a r c h 1968). 

Ins ta l la t ion of the r e a c t o r a s s e m b l y was a p p r o x i m a t e l y one w e e k 
ahead of schedule at the end of A p r i l . It i s e s t i m a t e d that the i n s t a l l a t i o n 
i s 65% comple te for the m e c h a n i c a l i t e m s and 70% c o m p l e t e for the i n s t r u 
men ta t ion and c o n t r o l s . 

Ins ta l l a t ion of the m a t r i x tubes on the s t a t i o n a r y half of the r e a c t o r 
was comple ted . M e a s u r e m e n t s ind ica ted that the m a t r i x face has a s l igh t 
g e n e r a l t i l t (O.OIO in. m a x i m u m at the top) t o w a r d the m o v a b l e half of the 
r e a c t o r . The m a x i m u m v a r i a t i o n f rom a v e r t i c a l p l ane t h r o u g h the c e n t e r 
of the face is a p p r o x i m a t e l y ±0.005 in . , which is a c c e p t a b l e . 

The a l ignment p l a t e s with the s t r o n g b a c k b e a m s w e r e i n s t a l l e d on 
the movab le half of the r e a c t o r . The p l a t e s w e r e ad jus t ed to c o m p e n s a t e 
for the conf igurat ion of the s t a t i o n a r y h a l f - m a t r i x so that the two h a l v e s 
would m a t c h c lose ly . Ins ta l l a t ion of the m a t r i x t ubes was c o m p l e t e d , and 
d i sassennbly of the a l ignment equipment was s t a r t e d . 

R e a c t o r frannes for both ha lves of the r e a c t o r w e r e a s s e m b l e d , and 
the r o d - d r i v e mount ing p la tes w e r e in s t a l l ed . F i n a l a l i g n m e n t of the r o d -
dr ive mount ing p la tes wil l be done af ter both r e a c t o r m a t r i c e s a r e c o m 
ple ted . One f r a m e wi th r o d - d r i v e mount ing p l a t e was p l a c e d on the 
s t a t i o n a r y t ab le . Con t ro l and e x p e r i m e n t a l w i r e w a y s w e r e i n s t a l l e d , and 
work was s t a r t e d on ins ta l l ing wi r ing for the c o n t r o l and sa fe ty r o d s y s t e m s 
on the r e a c t o r . 

The loading p l a t fo rm was c leaned and b rough t into t he r e a c t o r ce l l . 

Inspec t ion and leak t e s t ing of the in i t i a l 288 Z P P R f u e l - s t o r a g e con
t a i n e r s r ece ived by ANL yie lded 18 r e j e c t s due to l e a k a g e and u n a c c e p t a b l e 
depos i t s ins ide the c o n t a i n e r s . T h e s e r e j e c t e d c o n t a i n e r s w e r e r e t u r n e d to 
the vendor for r e w o r k . An add i t iona l s h i p m e n t of c o n t a i n e r s w a s m a d e by 
the vendor . 

The cons t ruc t ion c o n t r a c t o r was unab le to ob ta in a s a t i s f a c t o r y l eak 
t e s t of the e s c a p e - t u n n e l connect ion to the r e a c t o r ce l l . ANL r e q u e s t e d 
occupancy of the tunnel on Apr i l 10 in o r d e r to begin w o r k on the s e a l d o o r s 
which m a y b e c o m e the c r i t i c a l i t e m for comple t i on of the fac i l i ty . The in 
s ta l la t ion c o n t r a c t o r began work on the d o o r s . 
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10. F F T F Cri t ical Experiment P rogram (D. Meneghetti) 

Last Reported: ANL-7438, pp. 24-26 (March 1968). 

a. Analysis of Safety-rod Worths of ZPR-3 Assembly 51. Calcu
lations of both the presently used spiked and initial-loading unspiked safety-
rod worths have been made for a 10-in. removal position. Analyses used 
the six-group ANL cross-sec t ion Set #29601 in the Argonne two-dimensional 
d iscre te-ord ina te t ranspor t code, 2D-SNARG in the S2 approximation. Re
sults a re given in Table I.B.7. The sensitivity of the calculated values to 
the composition surrounding the rod was estimated for the spiked-rod case. 
Results of calculations using neighboring-drawer composition values a re 
also given in Table I.B.7 for comparison with the values obtained by use of 
overa l l - core -average composition surrounding the rod. 

TABLE I B.7. Calculated % Ak/k for 10-in. Removal of a 
Safety Rod for ZPR-3 Assembly 51 

% Ak/k, Calc 
Composition Surrotinding 

the Rod 

Safety Rod Overall Neighboring 
Type Core Average Drawers % Ak/k,* Exp 

Unspiked -0.13 - - 0 1 1 5 
Spiked -0,26 -0,23 -0.238 

*Estimated, * 

b. Additional Studies of a Simple Method for Approximating Solu
tions of Axially Split Cylindrical Cores . A method was described (see 
ANL-7427 and -7438) by which a finite cylindrical reactor in coordinates 
r and z may be viewed as a finite slab reactor in coordinates x, y, and z, 
making use of a chord-buckling By{x), which forces 0(x) to be of the same 
form as the known cylindrical solution 0(r). In this description x is iden
tified with r. It is possible to define another chord-buckling By(x) such 
that 0(x) is of the same form as 0(u), where 0(u) gives the distribution of 
neutron flux along a chord ra ther than along a radius. If the distance from 
the origin of the cylindrical coordinates to the chord is yo. 

u = V r Yo. 

in analogy with the previous derivation it may be shown that 

-'r-T 
Yo d^0 "^ - Yo d0 

r2 dr^ r ' ^^^ 
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This r e d u c e s to the p r e v i o u s l y obta ined e x p r e s s i o n when the 

chord co inc ides with the d i a m e t e r , i . e . , when yo = 0. 

F o r a b a r e cy l inder of c r i t i c a l r a d i u s r e , the r a d i a l d i s t r i b u -
/ 2 4 0 5 \ 

tion is 0 = 0 o J o ( ^ ^ ^ ^ ^ ' ) . *"d the r a d i a l buckl ing is B r̂ = [ - ^ ) • The 

value of B5, i s then given ana ly t i ca l ly a s a function of u by 

y^ Yo 

u^ + Yo \u^ + yo/ /2 .405 V u ^ 

J l 
2.405 v^u^ + yo 

yji fzAOsVu' + yl 
I Jo 

w h e r e the range of u is 0 s u - - \ / i " ^ - Yo. 

In Tab les I.B.S and LB.9 the va lues of B ^ / B ^ a r e l i s t e d for 

yo/r^ = 1/3 and yo / rc = 2 / 3 , r e s p e c t i v e l y , as a function of u / V ^ c " Yo-

TABLE I.B.S. Ratio of Effective 
Chord Buckling to Radial Buckling 

of a Cylinder for Yo/rc = l /3 

TABLE I.e.9. Ratio of Effective 
Chord Buckling to Radial Buckling 

of a Cylinder for yo/rc = 2/3 

W^r\ . yl 

0.025 

0.075 

0.125 

0.175 

0.225 

0.275 

0.325 

0.375 

0.425 

0.475 

B^/B^, 

0.4552 

0,4568 

0,4600 

0,4650 

0,4718 

0.4808 

0.4922 

0.5065 

0.5243 

0.5464 

u/yr^, - yl 

0.525 

0.575 

0.625 

0.675 

0.725 

0.775 

0.825 

0.875 

0.925 

0.975 

B ^ B l 

0.5741 

0.6093 

0.6547 

0.7150 

0.7982 

0.9192 

1.1104 

1.4554 

2.2617 

6.2936 

W-Jrl - yl 

0.025 

0.075 

0.125 

0.175 

0.225 

0,275 

0,325 

0,375 

0,425 

0,475 

B ^ / B | 

0.2159 

0.2163 

0.2171 

0.2183 

0.2200 

0.2222 

0.2249 

0,2284 

0,2327 

0.2380 

u / y r | - yl 

0.525 

0.575 

0.625 

0.675 

0.725 

0.775 

0.825 

0.875 

0.925 

0.975 

^\/^\ 

0.2446 

0.2530 

0.2637 

0.2779 

0.2973 

0.3254 

0.3696 

0.4490 

0.6338 

1.5557 



C. Component Development-- LMFBR 

1. Sodium Technology Development--Engineering Development 

a. Sodium Quality Measurement (S. B. Skladzien) 

Last Reported: ANL-7438, pp. 26-27 (March 1968). 

(i) Laboratory Techniques. A new sampling valve for the GC-5 
gas chromatograph was received, installed, and tested under p re s su re and 
vacuum; it appears to operate satisfactorily. Blanket-gas samples taken 
from the sodium analytical loop before and after hydroxide was added a re 
being analyzed for changes in hydrogen concentration. 

(ii) In-line Techniques. The response of the in-line oxygen-
monitoring devices to changes in oxygen concentration in the sodium of the 
analytical loop is being determined. The concentration is changed by r a i s 
ing or lowering the cold- t rap tempera ture ; after each temperature change, 
the in-line devices a re observed frequently to determine when the system 
has returned to equilibrium. Then readings from the in-line instruments 
are correla ted with plugging-meter data and with the oxygen-concentration 
values obtained from distillation samples . From these data, calibration 
curves and cell constants a re being determined for the two United Nuclear 
Corp. oxygen cel ls . 

b. Sodium Quality Control (S. B. Skladzien) 

Last Reported: ANL-7427, pp. 2^7-28 (Feb 1968). 

The d i rec t -wate r - reac t ion technique for co ld- t rap-res idue 
analysis has been tested with sodium metal , sodium oxide, and mixtures of 
both. The reaction of water with both of these species has proceeded as 
postulated, so the water - reac t ion method has been judged suitable for 
analytical work. 

The most recent effort has been to react water quantitatively 
with sodium hydride. Because the commercial ly available sodium hydride 
used was found to contain -30 w/o nonhydride mater ia l , it was purified by 
distillation in a sealed evacuated capsule, which resulted in the separation 
of a liquid hydrocarbon. Although analyses of a se r ies of the purified 
samples indicated only ~95 w/o sodium hydride, the alkalinity of the r e 
sulting solution agreed with the amount of hydrogen given off, indicating 
that the reaction between sodium hydride and water was quantitative. 

Because of the algebraic l imitations that exist in d i r ec t -wa te r -
react ion analysis (see P r o g r e s s Report for January 1968, ANL-7419, p. 29), 
the presence or absence of sodium hydroxide in a residue is important. 
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Therefore, the oxide-hydroxide equilibrium with sodium present was in
vestigated to find whether hydroxide can be expected in a cold-trap residue. 
Thermodynamic examination showed that sodium hydroxide in the presence 
of molten sodium at cold-trap temperatures is not stable and therefore 
should not be found in a cold-trap residue. 

2. Reactor Mechanisms Development--Materials Evaluation 

a. Fission Gas Pressure Transducer (J. R. Folkrod) 

Last Reported: ANL-7438, pp. 29-30 (March 1968). 

(i) Null-balance System. The transducer that has been tested 
since February 9 still is operating at 900°F, and the p r e s su re has been in
creased from 80 to 350 psig. Thus, the p ressure t ransducer now is being 
tested to its design temperature and pressure . 

Operation at 3 50 psig is good. The variation in readout 
caused by the change of the electrical contact resistance is 5 psig; the 
process pressure (fission gas) is within this range. Thus accuracy is 
±2.5 psig over the pressure range, or ±0.715% at full scale (350 psig). 

The electronic system, upgraded for improved stabilization 
so that the system will not hunt or cycle frequently when the process-gas 
pressure is stable, has been put in its final form. 

b- Signal Lead Connectors for Sodium Service (A. P. Grunwald) 

Last Reported: ANL-7438, p. 30 (March 1968). 

Fabrication and assembly of the FFTF fuel-channel coupling 
and connector device are essentially finished. Heat t reatment of springs, 
installation of the connector, and seal-welding of pipes required about 
three weeks longer than had been scheduled. The adapter flange and mount
ing assembly for tests in the sodium furnace have been delivered. The tests 
are about to begin. 

<=• Failed Fuel Locating Method Development (F. Verber) 

Last Reported: ANL-7438, pp. 30-31 (March 1968). 

In a preliminary safety review of the design for the failed fuel 
monitoring loop, structural features and anchor points of the loop were 
established tentatively. 

^^"=' ' *i^l simulate sodium in a flow mockup of the gas-
disengagement chamber, 1-in. vertical pipe section and 2-in. horizontal 
pipe section, of the loop that is being fabricated with t ransparent acrylic 



tubing. The effect of l iquid flow r a t e on the l iquid l e v e l in the 1 - i n . v e r t i c a l 
p ipe wi l l be d e t e r m i n e d . The t e s t d a t a wrill be u s e d to check the c a l c u l a t e d 
a d d i t i o n a l he igh t of l iqu id in t he 1-in. p ipe c a u s e d by the p r e s s u r e d r o p s 
t h r o u g h the 12 r a d i a l h o l e s , the annu lus b e t w e e n the 1-in. p ipe and the 4 - in . 
p i p e , and the 2 - i n . h o r i z o n t a l p ipe . Tha t wil l e s t a b l i s h t he e l eva t i on of the 
s o d i u m v a p o r t r a p and the gas loop . 

E l e c t r i c h e a t e r s for the loop a r e on hand . The s u r g e tank is 
be ing f a b r i c a t e d , and t e m p e r a t u r e i n s t r u m e n t a t i o n and p o w e r - c o n t r o l 
e q u i p m e n t a r e be ing p r o c u r e d . 

P r e l i m i n a r y t e s t s of the gas loop (with 0.00 1 - in . - th i ck M y l a r 
window) w e r e m a d e to d e t e r m i n e i t s ab i l i t y to d e t e c t k r y p t o n - 8 5 in the 
h e l i u m c o v e r g a s above the s o d i u m . The r e s u l t s i n d i c a t e that a k r y p t o n - 8 5 
c o n c e n t r a t i o n of 0 .0001 p C i / m l of h e l i u m wil l be r e a d i l y d e t e c t a b l e at 50 c p m 
above a b a c k g r o u n d of 50 c p m . At that c o n c e n t r a t i o n , the to ta l ac t iv i ty in 
15 l i t e r s of c o v e r gas ( a s s u m i n g c o m p l e t e mix ing) would be 1 5 / iCi. If the 
k r y p t o n tha t e n t e r s t he c o v e r gas does not d i s p e r s e i m m e d i a t e l y t h roughou t 
the s y s t e m but i s e n t r a i n e d a s a s lug in the h e l i u m , the c o n c e n t r a t i o n of 
k r y p t o n - 8 5 in the coun t ing c h a m b e r w i l l , at t i m e s , be s o m e w h a t h i g h e r 
than 0 .0001 | u C i / m l , wh ich would g ive g r e a t e r s e n s i t i v i t y for de t ec t i ng 
a c t i v i t y in t he s y s t e m . 

3 . F u e l H a n d l i n g , V e s s e l s and I n t e r n a l s 

a. C o r e C o m p o n e n t T e s t Loop (CCTL) (R. A. J a r o s s ) 

L a s t R e p o r t e d : A N L - 7 3 9 9 , pp. 45 -47 (Nov 1967). 

The i n i t i a l F F T F p r o t o t y p e fuel a s s e m b l y for t e s t i n g in the 
C C T L h a s b e e n r e c e i v e d f r o m P a c i f i c N o r t h w e s t L a b o r a t o r y . T h i s s u b 
a s s e m b l y will be f lowtes t ed in the C C T L for about 5 m o n t h s at or n e a r full 
d e s i g n flow of 400 g p m at an i s o t h e r m a l a v e r a g e s o d i u m t e m p e r a t u r e of 
1060°F s o a s to d e t e r m i n e the h y d r a u l i c , m e c h a n i c a l , and m e t a l l u r g i c a l 
i n t e g r i t y of the F F T F s u b a s s e m b l y d e s i g n . E x a m i n a t i o n of the a s s e m b l y ' s 
m e c h a n i c a l i n t e g r i t y , f u e l - s p a c e r w e a r , and c o r r o s i o n o r e r o s i o n ef fec ts 
wi l l be r e p o r t e d by P N L . 

The C C T L m o d i f i c a t i o n s to a c c o m m o d a t e the F F T F p r o t o t y p e 
s u b a s s e m b l y a r e be ing c o m p l e t e d (the d e s i g n of the loop was d e s c r i b e d 
p r e v i o u s l y * ) . The t e s t a r r a n g e m e n t now p r o v i d e s a 4° t i l t on the fuel 
a s s e m b l y and r e n n o v a b l e s o d i u m - p r e s s u r e i n s t r u m e n t a t i o n . Sod ium in le t 
and ou t l e t t r a n s i t i o n p i e c e s h a v e b e e n d e s i g n e d and f a b r i c a t e d . B e f o r e the 

*Atnistrong. R. H., Smith, F. A., Bohne, L., Folkrod, J. R., Janicek, J.. Kimont. E., Kush, R., Skladzien. S., 
and Venkateswarlu, A., FARET Fuel Assembly Flow Test Loop, American Nuclear Society, 11th Annual 
Meeting, Gatlinburg, Tennessee (June 21-24, 1965). 
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high-flow high-temperature tests begin, the loop will be filled with sodium 
and operated at low temperatures . During initial operation of the loop, the 
performance of the mechanical pump will be checked and the calculated 
displacements of the piping will be confirmed by measurements with s t ra in 
gauges. 

Because of the timely arr ival of the first F F T F prototype fuel 
subassembly from PNL and the desire for early testing of it, two other 
planned modifications to the loop have been deferred. One of these would 
have incorporated a 4-in. gate valve in the loop so that flow could be con
trolled more closely than by means of the variable-speed feature of the 
pump. The other modification would have provided mechanical access to 
the test vessel for dynamic mater ia l -corrosion tests and surveillance. 

D. Systems and Plant--LMFBR 

1. 1000-MWe Plant 

a. Contract Management and Technical Review (L. W. Fromm) 

Last Reported: ANL-7438, pp. 31-32 (March 1968). 

(i) The Babcock & Wilcox Co. Subcontract. Preparat ion of 
conceptual system design descriptions continues. ANL comments on the 
first draft of the reactor shielding system design description were for
warded to Babcock & Wilcox, who now are preparing a second draft. 

In the performance analysis of the reference fuel pin, fuel 
temperatures in the hot channel, nominal hot channel, and average channel 
at the beginning and end of life were calculated. 

Task-Ill parametr ic studies and safety studies of molten-
fuel release, sodium fires, core meltdown, and pump coastdown accidents 
continue. 

Descriptions of the turbine-generator , the steam-piping 
system, and the condensate feedwater systems have been prepared. Work 
has begun on the cost estimate of the overall plant. 

(ii) Westinghouse Corp. Subcontract. The Task-I report is 
about 90% complete. One topical report has been received. 

Under Task II, the reactor auxi l iary-systems components 
have been sized. Conceptual system design descriptions a re being written 
for the fuel-handling, reactor auxiliary, reac tor - and intermediate-cooling, 
and steam-generation systems. Cost estimates have been completed for 
the primary and intermediate cover-gas purification and supply sys tems. 
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Reactor correlat ion equations have been applied success 
fully in the core-optimization computer code for preparation of the Task-Il l 
pa ramet r ic studies. 

Task-IV effort has been initiated. 

(iii) General Electr ic Co. Subcontract. The draft of the Task-I 
report is nearly finished. 

Task-I l l core parametr ic studies a re being made for both 
oxide and carbide fuels. For oxide fuels, the effects of power flattening 
have been studied by analysis of 2- , 3 - , 4 - , and 6-zone core configurations. 
The interrelat ion between allowable cladding s t ra in , fuel swelling, and fuel 
density as a function of cladding tempera ture and burnup is being studied 

Conceptual designs of the reference core and control-rod 
mechanisms are nearly finished. 

Features of the inert-gas-handling system have been e s 
tablished and conceptual system design descriptions have been prepared. 
The number-of-loops study has been completed. The scope of Task-Il l work 
for the archi tec t -engineer has been defined and a schedule was agreed on r e 
garding information flow to the archi tect-engineer and completion of the work. 

(iv) Combustion Engineering, Inc. Subcontract. The fourth 
quarter ly technical report has been received. ANL has reviewed and com
mented on three of the five conceptual system design descript ions. 

Numerous calculations have been made of projected ac 
cidents such as loss of flow, control-rod ejection, control-rod withdrawal, 
gas bubbles, and subassembly drop during refueling. 

The method of cooling spent fuel during transfer from the r e 
actor core to storage was modified to provide grea ter reliability and safety. 

In the Task-I l l pa ramet r ic studies, the effect of derating 
fuel burnup on economics and doubling t ime was determined. 

(v) Atomics International Subcontract. The study is approxi
mately 40% complete. The Task-I report is being printed. 

Funding limitations for the remainder of FY 1968 have 
caused some work to be rescheduled. Conceptual system design desc r ip 
tions in Tasks II and III that have not been prepared will be deferred until 
next fiscal year , as will drawings and plant -ar rangement layouts. Task-I l l 
work that is continuing includes the fuel-handling review, paramet r ic study, 
nuclear uncertainty analysis , s team-genera tor study, and review of plant 
a r rangement . Several plant a r rangements will be studied to determine the 
effects of al ternate ar rangements and design features on plant capital cost . 



E. E B R - I I 

1. R e s e a r c h and Deve lopmen t 

a. R e a c t o r E x p e r i m e n t a l S u p p o r t - - R e a c t o r A n a l y s i s and T e s t i n g 
(R. R. Smi th) ~ ~ 

L a s t R e p o r t e d : A N L - 7 4 3 8 , pp . 33-42 ( M a r c h 1968). 

(i) N u c l e a r A n a l y s i s 

(a) The Appl ica t ion of C o r r e l a t i o n T e c h n i q u e s for E s t a b 
l ishing the R e a c t o r T r a n s f e r F u n c t i o n . At p r e s e n t , m e t h o d s u s e d for 
evalua t ing the r e a c t o r t r a n s f e r function a r e l i m i t e d at low f r e q u e n c i e s . 
F o r the me thod b a s e d on the p e r i o d i c i n s e r t i o n of r e a c t i v i t y wi th a r o t a t i n g 
o s c i l l a t o r rod, the l imi t a t i on is i m p o s e d by a t endency for the rod to rub 
and se i ze at the lower f r e q u e n c i e s . F o r the me thod b a s e d on the s t e e p 
r a m p w i t h d r a w a l of r e a c t i v i t y ( r o d - d r o p t echn ique) , the l o w - f r e q u e n c y l i m i 
ta t ion is a consequence of the l i m i t e d capab i l i t y of the e x i s t i n g e q u i p m e n t 
for p r o c e s s i n g and s t o r i n g d ig i ta l i n fo rma t ion . F u r t h e r m o r e , both m e t h o d s 
a r e s e r i o u s l y affected by changes of the bulk s o d i u m t e m p e r a t u r e d u r i n g 
m e a s u r e m e n t s at the lower f r e q u e n c i e s . As a c o n s e q u e n c e of t h e s e l i m i t a 
t ions , l ow- f requency feedback i n f o r m a t i o n is e s s e n t i a l l y u n a v a i l a b l e . 

To extend the r a n g e of f eedback m e a s u r e m e n t s in to the 
low-f requency region , an effort is be ing m a d e to p e r f e c t a t e c h n i q u e b a s e d 
on the t r a p e z o i d a l i n s e r t i o n of r e a c t i v i t y . In th i s m e t h o d , r e a c t i v i t y is 
pe r i od i ca l l y p e r t u r b e d th rough the p r o g r a m m e d m o t i o n of a conven t iona l 
con t ro l rod over a ca re fu l ly fixed and spec i f i ed d i s t a n c e in the l i n e a r p o r 
t ion of the c o n t r o l - r o d c a l i b r a t i o n c u r v e . The output p o w e r w a v e , as s e n s e d 
by an ion c h a m b e r , is then c r o s s - c o r r e l a t e d wi th the e x c i t a t i o n funct ion to 
give the r e a c t o r t r a n s f e r function. One nnajor a d v a n t a g e i n h e r e n t in th i s 
method is the abi l i ty to r e d u c e the r e a c t i v i t y p e r t u r b a t i o n to va lues as low 
as ±1.0 Ih with a c c e p t a b l e r e p r o d u c i b i l i t y . By keep ing the r e a c t i v i t y p e r 
tu rba t ions s m a l l , t e m p e r a t u r e v a r i a t i o n s in the bulk s o d i u m a r e g r e a t l y 
r e d u c e d at the lower f r e q u e n c i e s , for which f eedback e f fec t s , be tween the 
p r i m a r y hea t exchange r d i s c h a r g e and p u m p i n l e t s , b e c o m e i m p o r t a n t . 

On the o the r hand, the u s e of s m a l l r e a c t i v i t y p e r t u r 
ba t ions , i . e . , of the o r d e r of ±1.5 Ih, t ends to d e c r e a s e the r a t i o of flux 
s igna l to background no i se , t h e r e b y r e d u c i n g the a c c u r a c y wi th which the 
t r a n s f e r function m a y be e s t a b l i s h e d . An i l l u s t r a t i o n of n o i s e m a g n i t u d e 
r e l a t i v e to the n e u t r o n flux s igna l is g iven in F i g . I . E . I , wh ich d e p i c t s a 
Ca lComp plot of the power output and t h e . c o n t r o l - r o d p o s i t i o n . In th i s p a r 
t i cu l a r i n s t ance , the c o n t r o l rod was p r o g r a m m e d for a t o t a l t r a v e l of 
app rox ima te ly 0.1 in., which c o r r e s p o n d s to a r e a c t i v i t y change of a p p r o x i 
m a t e l y 3.0 Ih. 
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Fig. l.E.l. Alternating Power Component and Control-rod Position 

In an attempt to reduce the effects of background no i se , 
data, typified by that given in F ig . I .E . I , w e r e p r o c e s s e d by es tabl i shing 
the autocorre lat ion function of contro l - rod posi t ion (actually, react iv i ty) 
and the c r o s s - c o r r e l a t i o n function of contro l - rod posit ion with the a l ternat
ing component of the neutron flux. F r o m Fig . I .E.2 , in which the resu l t s of 

tUTOCWIItUTIIW OF CONmOL ROD POSITIOD 

CHOSSComiEUTIOII 01 
CODTIIOL DOC raSITIOD 
U D KEUTIIOII 'LUI 

Fig. I.E.2 Correlation Functions of Power and Control-rod Position 
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such efforts are illustrated, it may be seen that the effects of background 
noise are essentially eliminated in the auto- and c ross -cor re la t ion func
tions. Attempts are being made to evaluate the reactor t ransfer function 
(both amplitude and phase) from the auto- and c ross -cor re la t ion functions. 
If successful the method may be used to extend the range of t ransfer func
tion to much lower frequencies than presently possible. 

(b) The Analog Simulation of a Reactivity Meter. In an 
effort to provide a continuous record of reactivity balance in the system, 
feasibility studies are being carr ied out with a Beckman analog computer. 
Briefly, the principle upon which the technique is based involves a sensing 
of the rate of power change and, through a solution of the kinetic equations 
with a Beckman analog computer, an evaluation of the reactivity vested in 
the system as a continuous function of time. 

The necessary equipment was assembled and tested 
under realistic operating conditions. The results of tests conducted under 
10 hr of operation at 45 MWt with no control adjustments indicated the po
tential usefulness of the device. For example, small, 17-min periodic 
variations in the power output were sensed and recorded by the instrument 
as periodic reactivity variations with a ±1.5-Ih amplitude. 

The results of calibration tests conducted with rod 
drops and control-rod movements indicated a potential sensitivity of the 
instrument under actual operating conditions of approximately 0.1 Ih. 

Attempts are being made to improve the usefulness of 
the device by correlating indicated reactivity changes with changes in 
control-rod position, bulk sodium temperature AT across the core, and inte
grated power. 

(c) Review and Updating of EBR-II Hazard Summary 
Report (HSR). The main subjects in the HSR requiring a complete review 
and discussion are: 

(1) changes from Mark-I to Mark-IA fuel design and 
the accumulated operating experience; 

(2) replacement of depleted-uranium axial blankets 
with stainless steel reflector elements; 

(3) installation of a stainless steel, low-reactivi ty-
worth transient rod; 

(4) the decrease in the number of control rods; 

(5) the increase in the size of the reactor core and 
the increase in driver-fuel enrichment; 
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(6) installation of encapsulated experimental i r rad ia 
tion experiments; 

(7) operation of EBR-II as an irradiat ion facility; 

(8) replacement of a portion of the radial-blanket 
region with stainless steel elements . 

All these a reas have safety considerations that are 
covered in varying degrees in the EBR-II Hazard Summary Report. 

(d) Feedback Analysis of Run 27. The feedback was calcu
lated for two rod-drop experiments at reduced flow in Run 27. Figures I.E.3 
and I.E.4 give the resul ts for operating conditions of 30 MWt with 75% flow 
and of 22.5 MWt with 54% flow, respectively. The similari ty of the two sets 
of data is expected since the tempera ture differential across the core is the 
same in both cases . The prompt feedback (first 2 or 3 sec) is about 15% 
higher in these experiments than it was in the 45-MWt full-flow experiments 
performed during Run 26. At 10 sec, it is about 5% higher. The increase 
may be real , but also nnay be partly the result of e r r o r in the calibration of 
the stainless steel rod. Since the Run-27 calibration drops were relatively 
"noisy," the calibration from Run 26 was used. 

The extension of rod-drop experiments to t imes beyond 
10 sec produced additional information on delayed feedback p rocesses . 
Attempts are continuing to include the effects of delayed feedback into a 
unified mathematical feedback model. 

(e) Mark-IIA Safety Analyses. Nineteen different hypo
thetical EBR-II Mark-IIA core loadings (see Table l .E . l ) are currently being 
studied. The experimental fuels are assumed to consist of 20% ' " P u G j or 
" ' P u C , 30% "^VOz or "^UC. and 50% "'UO2 or " ' U C . The composition of a 
Mark-IIA driver subassembly, an oxide experimental subassembly, and a 
carbide experimental subassembly are given in Table I E . 2 . The cri t ical 
enrichnnent of the Mark-IIA driver subassembly has been calculated for each 
of the 19 co res . The enrichments and cr i t ical masses for the cores a re tab
ulated in Table I.E.3 to charac ter ize a range of possible core loadings of 
EBR-II with Mark-II fuel. 

The following assumptions were employed for these 
calculations: 

(1) spherical geometry with a shape factor of 0.94; 

(2) three types of core a re under consideration: 

(a) homogeneous mixtures of Mark-IIA sub
assembl ies , experimental subassennblies, and 14 Mark-IA control and 
safety rod subassembl ies ; 
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TABLE l . E . l . C o r e Loadings for EBR-I I M a r k - I I A Safety Ana lys i s 

Composi t ion of 
Core C e n t r a l Core 
No. Region by Volume 

I 

14 

15 

16 

17 

18 

19 

F r a c t i o n of Compos i t ion of F r a c t i o n of 
C o r e in C e n t r a l Outer C o r e C o r e in Outer 

Region (%) Region by Volume Region (%) Connments 

100% Mark- I IA 

90% Mark- I IA 
10% oxide exp. 

70% Mark -UA 
30% oxide exp. 

50% Mark- I IA 
50% oxide exp. 

5 

6 

7 

8 

9 

10 

11 

100% oxide exp. 

100% oxide exp. 

100% oxide exp. 

100% Mark- I IA 

100% Mark- I IA 

100% Mark- I IA 

90% Mark- I IA 

10 

30 

50 

90 

70 

50 

100 

10% carb ide exp. 

70% Mark- I IA 
30% carb ide exp. 

50% Mark- I IA 
50% ca rb ide exp. 

100% ca rb ide exp. 

100% carb ide exp. 

100% ca rb ide exp. 

100% Mark- I IA 

100% Mark -UA 

100% Mark- I IA 

10 

30 

50 

90 

70 

50 

100% M a r k - l l A 

100% Mark- I IA 

100% Mark- I IA 

100% oxide exp. 

100% oxide exp, 

100% oxide exp. 

100% Mark- I IA 

100% M a r k - I I A 

100% Mark- I IA 

100% c a r b i d e exp, 

100% ca rb ide exp, 

100% c a r b i d e exp. 

90 

70 

50 

10 

30 

50 

0 

Base Case--
homogeneous core 

honnogeneous core 

homogeneous core 

honnogeneous core 

homogeneous core 

0 homogeneous core 

0 homogeneous core 

90 

70 

50 

10 

30 

50 

TABLE I . E . 2 . Subassembly Compos i t ion 

( a t o m s / c c x 10 ' '* ) 

Isotope 

U 
" ' u 

»"u 
»»Pu 
Na 
SS* 
F5» 
O 
C 

Mark- I IA 
Dr ive r 

0.01132 
b 
b 
0 

0.01148 
0.2255 
0.0222 

0 
0 

Oxide 
Exp 

0.005925 
0.002240 
0.003685 
0.001470 
0.00958 
0.2255 

0 
0.01479 

0 

C a r b i d e 
Exp 

0.00688 
0.00260 
0.00428 
0,001705 
0,00958 
0,2255 

0 
0 

0.008585 

M a r k - I A 
C o n t r o l / S a f e t y 

0.00928 
0.00485 
0.00443 

0 
0.01268 
0.208 
0.0185 

0 
0 

^Stainless s tee l (SS) and F s concen t r a t i ons a r e given as volume f r ac t i ons . 
' 'The c r i t i c a l e n r i c h m e n t s of the M a r k - I I A d r i v e r s a r e different for each of 

the c o r e s s tudied. See Table I . E . 3 . 
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TABLE I .E.3. Calculated Mark-IIA Enrichments: Crit ical Masses 

Mass 
235u + " ' P u 

(to neares t kg) 

20b 
202 
194 
188 
204 
198 
194 
202 
193 
186 
200 
188 
176 
200 
184 
172 
201 
190 
179 

(b) a central coreiregion consisting of experi
mental subassemblies and an outer core region consisting of a homogeneous 
mixture of Mark-IIA subassemblies and 14 Mark-IA control and safety rod 
subassemblies; 

(c) a central core region consisting of a homo
geneous mixture of Mark-IIA subasseinblies and 14 Mark-IA control and 
safety rod subassembl ies , and an outer core region consisting of experi
mental subassemblies ; 

(3) inner and outer blankets, 10.15 and 43.9 cm thick 
(both blankets consist pr imar i ly of depleted uraniunn having the composi
tions specified in ANL-5719 Addendum, p. 18); 

(4) cross-sect ionSet No. 238 generated with the MC code; 

(5) subassembly compositions in Table I.E.2 calculated 
under the assumptions of sodium tempera ture of 800°F and other elements at 
room tempera tu re . 

To facilitate these and future calculations, a code was 
written to compute the core composition for any combination of experimental 
subassembl ies with Mark-IIA driver and Mark-IA control-rod subassembl ies . 

Core 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Mark-IIA 
Driver 

Enrichment 
(a/o) 

47.9 
48.3 
49.6 
52.5 
48.8 
51.3 
56.6. 
48.2 
49.1 
51.1 
47.8 
47.4 
46.5 
47.2 
45.5 
43.1 
48.0 
48.2 
48.4 

Mass " ' U 
(kg) 

205.7 
196.6 
176.9 
159.3 
198.6 
181.2 
165.5 
196.6 
175.8 
157.2 
193.7 
168.3 
142.9 
193.0 
163.8 
138.0 
194.2 
170.1 
145.9 

Mass " ' P u 
(kg) 

0 
5.8 

17.3 
28.8 

5.8 
17.3 
28.8 

5.8 
17.3 
28.8 

6.7 
20.1 
33.5 

6.7 
20.1 
33.5 

6.7 
20.1 
33.5 
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(f) Generalized Power and Flow Coefficients. A formula 
for the power-reactivity decrement (PRD) has been modified in the follow
ing manner; 

Let P(Q, R) be the generalized PRD. Then P ( Q / R , 1) 
is the full-flow PRD which corresponds to the same AT as for the general
ized conditions (Q, R). 

Calling e = Q / R , then [ aP(e, 1)]/96 is the slope of the 
full-flow PRD curve, P versus Q as usually plotted. The generalized power 
coefficient can be expressed in terms of reactor propert ies and the slope of 
the full-flow PRD curve as 

^^''(i-F^)<^."(s-')'='*"^'/* 
1 Sp(e, 1) 

^Q \R - i ^ r ' " " VR - V ^̂ ' ' " "^ R be 

and the generalized flow coefficient is 

9 P ( Q , R ) ^ (0^ ±-\nr a - [^2 + (C3/k)]Qa _ _Q_ bPje. 1) f 0.4 1 \ 
SR " U'-^ " R'r^'°" R^ R' be 

where 

Q = power; 

R = fraction of full flow; 

ct = effective linear thermal-expansion coefficient of fuel; 

k = effective thermal conductivity of fuel; 

C], Cz, Cj = positive constants derived froin thermal expansion 
effects. 

The conditions under which the power coefficient changes 
from negative to positive and under which the flow coefficient changes from 
positive to negative are obtained by setting the above expressions equal to 
zero. Specifically, a positive power coefficient requires that the slope of the 
full-flow PRD curve be 

^ 2 ^ ^ > - C , a ( l - R ° - ' ) - a [ C , + (C3/k) ] ( l -R) (1) 

= -0.053(1 - R"-^) - 0.311(1 - R ) . (la) 

Similarly, a negative flow coefficient requires that the 
slope of the full-flow PRD curve be: 
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^I^lJj > - c , a ( l - 0.4R''-') - a[C2 + (Cj/k)] (2) 

= -0.053(1 -0 .4R° ' ' ) - 0.311. (2a) 

Equations (la) and (2a) were obtained from Eqs. (1) 
and (2) by using calculated values of the constants C,, Cj, and C3 from multi-
group diffusion analyses, with k assumed to be 0.06 ca l / sec -cm-°C. The 
remaining parameter , a, was then determined by the best fit to the reduced-
flow PRD data at the beginnings of Runs 25, 26, and 27. Since the reduced-
flow data yielded approximately the same value for a, namely, 23 x 10"' °C" ' , 
at the s tar t of each run, it is strongly implied that Eqs. (la) and (2a) would 
be approximately cor rec t at the s tar t of any run for which the initial burnup 
averages about 0.5%. This being the case, the presence of positive power 
coefficients or negative flow coefficients under any condition of power and 
flow may be anticipated from Eqs. (la) and (2a) at the start of a run as soon 
as the full-flow PRD curve has been determined. 

Observations of the PRD at reduced flow throughout the 
course of Run 26 have indicated that either a or the C's increased markedly 
throughout this run. This tendency will be watched in future runs. 

(g) Temperature of a Fuel Pin Whose Thermal Conductivity 
Is a Linear Function of Tempera ture . The differential equation for t empera
ture t as a function of radius r is 

k(t)dt = q"dr = 0.5q"'r dr. 

where 

k = thermal conductivity; 

q" = heat flux, radially outward; 

q'" = heat source per unit volume. 

Recent measurements have shown that k may be 
expressed as 

k = a + bt, 

where a and b a re pa ramete r s for a given fuel sample, which vary with 
irradiat ion-induced swelling, and t is the tempera ture in degrees centigrade 
(zero tempera ture at pin surface, r^) . 

Substitution of this form into the differential equation 
and integration yields the following expression for tempera ture within the 
pin: 
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t(r) = (-a +ya^ + iq"'(4-'-^)b)/b. 

The axia l t e m p e r a t u r e e x p a n s i o n of the p in is p r o p o r 
t ional to the a r e a a v e r a g e of t ( r ) over the c r o s s s e c t i o n . A c o m p u t e r p r o 
g r a m was p r e p a r e d which eva lua t e s the a v e r a g e t e m p e r a t u r e for v a r i o u s 
va lues of a and b. Table I .E .4 g ives the a v e r a g e p in t e m p e r a t u r e at a 
r e a c t o r power of 45 MWt for v a r i o u s va lues of the c o n s t a n t s a and b o b 
ta ined f rom data at va r i ous d e g r e e s of swe l l i ng . 

TABLE I . E . 4 . A v e r a g e P i n T e m p e r a t u r e 

Swell ing 
(% AV/V) a b (x 10 ) ••avg 

U n i r r a d i 
2.66 
5.49 
6.78 

12.3 

at( 3d 0.0688 
0.0631 
0.0547 
0.0574 
0.0471 

5.65 
4.Z2 
3.88 
3.93 
3.13 

488 
491 
495 
494 
500 

Under these assumptions, the average pin tempera
ture r ises only slightly during the course of burnup as shown in the table. 
Even this slight r ise in fuel temperature, however, may bring substantial 
quantities of fuel into the gamma-phase region, for which expansion effects 
are large. This may, in part, account for the large contribution of the fuel-
reactivity effect to the power coefficient that was observed in reduced-flow 
measurements toward the end of Run 26. 

(h) Physics Measurements for Runs 27D through 27G. 
Table I.E.5 gives the results of pertinent physics measurennents for 
Runs 27D through 27G. 

TABLE I.E.5. Results of Physics Measurements for Runs Z7D-27G 

27D 27E 27F 27G 

PRD^ at 45 MWt, Ih 
Estimated Ak, Ih 
Measured Ak, Ih 
Control-rod bank, in. 
Total control-rod worth, Ih 
Safety-rod worth, % Ak/k 

^Corrected to 11-in. control-rod banked condition. 

Control-rod calibrations were established during 
Runs 25E, 25F, and 27D. The safety rods were measured by subcrit ical 
counting methods during Run 27F. 

4.1 
-
-
1.0 
390 
_ 

47.2 
+7 
+24 
11.25 
1414 

_ 

40.4 
-34 
-60 
12.25 
1383 
1.05 

41.9 
+73 
+90 
11.0 

-
-
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Analyses of the PRD's measured during the various 
s tar tups of Run 27 do not indicate any significant trend in the value of the 
differential power coefficient at specific power levels as a function of 
power accumulation. Because of the significant loading changes that have 
been made throughout Run 27, however, small trends in the nneasured PRD 
could easily be masked by larger effects associated with the loading changes. 

(i) Release of Fission Product Species to the EBR-II 
Cover Gas. In addition to the two snnall fission-product gas re leases ex
perienced during March (see ANL-7438. pp. 36-42), several additional re 
leases occurred during April Two of the April re leases occurred while 
the reactor was operating at 45 MWt and five occurred at zero power fol
lowing changes in p r imary coolant flow or subassembly movement. The 
April f ission-product re leases are summarized in Table I.E.6 along with 
all other previous re leases observed in the operation of EBR-II. Previous 
re leases were reported in the P r o g r e s s Report for December 1967, ANL-
7403, pp. 35-42, and in the P rog re s s Report for March 1968, ANL-7438, 
pp. 36-42. 

(a) Description of Events 

(1) April 6 Releases . The reactor was taken to 
power on March 30 and until 0356 on April 6 operated at 45 MWt with no 
evidence indicative of a fission product re lease . At 0355, April 6, the 
beginning of a relatively sharp increase in the signal fronn the Fission Gas 
Monitor (FGM) was noted. P r i o r to the increase, the FGM signal was 
steady at 16.5 cps. At 0356 hours, the FGM alarnned at a counting rate of 
22.5 cps and a rapid shutdown of the reactor ,was begun. 

The resul ts of a radiometr ic analysis con
ducted on a p r imary- tank cover-gas sample taken at 0400 hours, and 
counted at 0405. confirmed the re lease . At 1015 hours, the pr imary pumps 
were turned off. Shortly thereafter, an increase was noted in the FGM sig
nal. A cover gas sample taken at 1025 hours confirmed the additional 
r e lease . 

Highlights of the FGM response preceding, 
during, and following the two re leases a re shown in Fig. I .E.5. An inspec
tion of the xenon activities in the cover gas and the FGM record indicate 
that the re lease occurred at approximately 0345 hours . At no time p r e 
ceding, during, or following the indicated re lease was there any indication 
of an increase in the signal from the Fuel Element Rupture Detection (FERD) 
system. Similarly, no changes in the reactivity balance of the system or 
abnormal tempera ture indications were observed. 
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TABLt I.£.6. Summary o( Fission Producl Release Incidents in EBR-II 

Reactor 
Power 

rime ol Level 
Release (MWt) 

MWdl ol 
Operation 

since Previou 
Release 

FGM^ 
Response 

FERD° 
Response 

Approximate 
Increase in Xenon 

Activity (AuCi/cc « 1(P) 
135v. "Xe " X e Sodi 

Indicalian ol 
Bond Loss 

1200 « \2.n\<^ Very Large Negalive 1800^ Primary coolant sodium sample 
taken on 5/8 and analyzed on 
S/18 stiowed possible bond loss. 
Results ol second sample taken 
on 5/19 conlirmed loss, but 
were nol obtained unli l 30 min 
before 5/2d gas release. 

Z. 6/11/67 

3. 6/19/67 

0215 

2115 

30 

to 

115 

0.7 

Large 

Large 

Negative 

Negative 

Negligible 

250 

8 

13 

None 

None 

Intentional conlirmatory 
release 

Intentional release lo obtarn 
lurtner information. 

Intentional release to confirm 
suspect subassembly—XOll 
removed witti no subsequent 
indication ol lission product 
release. 

5. 11/23/67 1000 Large Negalive Negligible 3.0 

6. II/2J/67 ldl5 

7. 11/2J/67 2100 

8. 11/24/67 2330 

12. 3/12/68 0800 

13. 3/12/68 1500 

14. -1/6/68 

17. 4/16/68 0230 

18. 4/19/68 

19. 4/19/68 

Large Negative Negligible 1.5 

Small Negative Negligible Negligible 

Small Negative Negligible Negligible 

None 

None 

Conlirmatory release—reactor 
operated at 30 MW lor 8 tir 
lollowing lirst release—third 
release followed primary pump 
shutdown—lack ol '^^Xe inven
tory indicated fresh driver-type 
fuel. 

Analysesol xenon buildup 
indicates probable loss ol 
sodium bond. 

Following 11/24 release and 
removal of suspect subassem
blies, approximately 10 days ot 
45 MW operation logged prior lo 
12/6 release. 

Occurred during reducefl flow 
testing lollowing series ol 
several scrams. 

Negative 

Negative 

Negative 

Negative 

None 

None 

Apparently associated with 
changes m primary coolant 

Negative Approiimateiy 300 MWd logged 
between 3/30 and 4/6. 

Barely Negative 
Perceptible 

Followed immediately alter 
stopping of primary coolant 
pumps. 

Negative Negative 

Followed reduction in flow 
alter scram Irom 45 MW. 

Small Negative 

Followed reduction m flow 
alter scram from 45 MW. 

Large Negalive 

Negalive Negative 35 50 

Radiochemical analysis of 
primary coolant sodium and 
analysis ol xenon decay 
inconclusive--cannot be 
verilied that bond loss did 
not occur. 

^Fission Gas Monitor. 

"Fuel Element Rupture Detection Imonitor ol delayed neutronsi 
cThis number represents total MWd of EBR-II operation prior'lo lirst lission producl release 
"Estimated value of increase, 
eoi this total, the reactor was operated only 0.5 MWd prior to release with suspect Subassembly XOll reinserted in core 
'At the time ol release, only 1.5 MWd had been logged since insertion ol new subassemblies. 

Occurred alter rapid shutdown 
following 1215 release and 
subsequent stopping of pumps. 
Followed lifting of X028 durir>g 
fuel-handling operations. 



- I — I — T — I — I — r 1 — I — I — I — I — r - I — I — I — I — I — r -

O 1.KUI 

X I M T l l C t I U l J f tCTWNtTt l 

I I I 1 L — L 
0 0100 OMO 

0700 OMO 
1100 '100 'WO " w 

F i g . I .E .5 . FGM D a t a . Apri l 6 - 7 . 1 9 6 8 

jjOO O'OO OJOO 

t n i L 1. i t M 

•00 

- IMO 

- f MOO 

000 
B 

•00 ^ 

•00 S 



52 

Radioactivity levels in the argon-atmosphere 
purification cell increased during the re lease . The radiation level increased 
from a normal value of less than 5 mR/hr to approximately 90 mR/hr . An 
alarm, set for 5 mR/hr , was sounded. 

The fission-gas release to the building was 
minor. A continuous-recording unit which monitors radioactivity levels in 
the subbasement indicated an increase from 150-250 to 350-400 cpm. It 
was not necessary to res t r ic t the reactor building to personnel access . 

The coincidence between the increased cover-
gas activities and the FGM response after the pump shutdown at 1015 hours 
is of interest. It is believed that when the pumps shut down, the reduction 
in coolant pressure was sufficient to cause an additional expansion of gas 
through the defect. 

(2) April 11 Release. After an evaluation of 
available data on the April 6 release, it was concluded that the fission-gas 
release probably originated in an experimental capsule (see discussion be
low). Three suspect subassemblies were removed from the core and the 
reactor was returned to power on April 8. Operational difficulties and sub
sequent shutdowns, however, delayed 45-MWt operation until early on 
April 10. 

At 1916 hours on April 11, while still operat
ing at a power level of 45 MWt, the reactor was scrammed by an indicated 
perturbation in the flow through the No. 1 pr imary coolant pump. Investi
gation revealed that the scram was actually caused by an electronic-tube 
failure in an amplifier of the pump-flow-indicating circuit. No actual 
change in flow occurred. 

To check for an incipient fission product r e 
lease while the reactor was shut down, the p r imary- sys tem flow was r e 
duced to a minimum value (23%) at 2009 hours to reduce p re s su re on fuel 
and experimental elements. One-hundred-percent flow was res tored at 
2022 hours. Comparison of pr imary-tank cover-gas samples taken before 
and after the reduction in flow indicated a small gas-type fission product 
release. A barely perceptible increase in the FGM signal was noted. No 
increase in signal from the FERD occurred. 

At this time nine experimental subassemblies 
containing oxide or carbide fuel, and two experimental subassemblies con
taining metal fuel, remained in the core. It was decided to remove approxi
mately half of the nine subassemblies containing ceramic fuel and run the 
reactor at 45 MWt long enough to determine if the leaking capsule had been 
removed. Four subassemblies were removed from the core and the reactor 
••'as returned to power on April 14. w 
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(3) April 16 Release. At 0142 hours on April 16, 
after approximately 36 hr of 45 MWt operation, a spurious low-pr imary-
sodiunn-flow signal caused a reactor scrann. To check for a fission prod
uct re lease while the reactor was shut down, the pr imary flow was reduced 
to 23%. P r imary - t ank cover-gas samples collected before and after the 
flow reduction indicated a snnall f ission-gas re lease . No increase in the 
FGM or FERD signals occurred. The remaining ceramic-fueled experi
mental subassemblies were then removed from the core and the reactor 
was returned to power at 0300 hours on April 18. 

(4) Releases of April 19 and 20. At 1215 hours 
on April 19. the reactor operator noticed a slight but persis tent increase 
in the FGM signal. Analyses of cover-gas samples taken immediately con
firmed a fission-gas re lease . At 1224 hours, a rapid shutdown was initiated, 
and by 1253 hours all control rods had been withdrawn from the core. At 
this time the FGM signal had leveled off at a value 28% higher than before 
the increase . There was no increase in the FERD signal. 

In an attempt to induce an additional gas r e 
lease, the pr imary pumps were stopped at 1322 hours to reduce p re s su re 
on the core. Results of radiometr ic analyses of a cover-gas sample taken 
at 1335 hours indicated no perceptible increase in the concentrations of 
'»Xe and ' " X e . 

At 1343 hours, the prinnary pumps were r e 
started and brought to full flow. Shortly thereafter, the FGM signal began 
to increase . At 1403 hours, the FGM alarmed and at 1405 hours the r eac 
tor building was evacuated. An air monitor located in the subbasement of 
the reactor building indicated a tenfold increase in activity during this t ime. 
The FGM signal continued to increase and at 1507 hours reached a peak 
value approximately 30 t imes the normal background level due to t ramp 
uranium. The FGM response during these two re leases is i l lustrated in 
Fig. I .E.6. 

Fuel-handling operations were conducted on 
April 20 to remove the final two experimental metallic-fuel subassemblies 
remaining in the core . Three dr iver-fuel subassemblies were also removed 
for reactivity adjustment. The resul ts of analyses conducted for xenon ac
tivity pr ior to and following the removal of each subassembly revealed that 
an activity increase of 10 to 20% occurred in conjunction with the transfer 
of X028, an experimental subassembly containing elements of U-Pu-Zr 
alloy and also four elements of Mark-IA U-Fs alloy. These resul ts suggest 
that lifting X028 through approximately 10 ft of sodium decreased the p r e s 
sure differential sufficiently to cause an additional re lease . No increase in 
activity was detected while handling the other subassembl ies . 
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Pert inent " 'Xe and "^Xe activities for the 
period April 6 through April 20 are plotted in Fig. I.E.7. Power operation 
for this period with the significant events discussed in this section a re 
shown in Fig. I .E.8. 

(b) Discussion. A detailed evaluation of all the data 
resulting from the March and April fission product re leases leads to the 
following observations: 

The evidence supports the postulate that the source 
of fission products is an experimental capsule rather than a dr iver element, 
and the fission product re leases have been predominantly gaseous. These 
conclusions a re supported by three main a reas of investigation: 

(1) the magnitude of the radioactivity increases 
relat ive to the t ramp uranium background; 

(2) fractionation of the fission product species 
(see ANL-7438, pp. 39-41); 

(3) pr imary-sodium analysis . 

On the basis of signal-to-background ratios for the 
p r imary- tank cover-gas activities and the FGM response, it was concluded 
after the April 6 incidents that the re lease was very likely the result of a 
failure in an experimental capsule. For the total gas re lease , the signal-
to-background ratio measured for '^'Xe was found to be approximately 25; 
for "^Xe, approximately 44; and for the FGM, approximately 53. (For the 
cases of "^Xe and the FGM response, correct ions were made for radioactive 
decay between the initial peak and the secondary re lease . ) The resul ts of 
bare-pin tes ts conducted previously in EBR-II have indicated that the upper 
limit for the signal-to-background ratio for a single driver-fuel element is 
approximately ten. (Although the bare-pin tes ts were conducted on fresh 
fuel at an EBR-II power level of 10 MWt and 70% flow, it has been assumed 
that the signal-to-background ratio would not be significantly greater for a 
re lease from a high-burnup dr iver element under 45 MWt operation.) The 
conclusion based on these rat ios is that the failure involved either a single 
experimental capsule or four to eight driver-fuel e lements . Since a single 
experimental capsule failure was more probable than multiple failures in 
dr iver e lements , subsequent action was directed toward removal of exper i 
mental fuel-bearing subassembl ies . The magnitude of the April 19 re lease 
(FGM signal-to-background rat io > 30) also supports this contention. 

Evidence of substantial fractionation, first observed 
during the March fission product r e l eases , was also observed in April . On 
the basis of half-life considerat ions, the resul ts of radiometr ic analyses con
ducted on cover -gas samples following the April 11 re lease indicate that a 
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v e r y l a r g e f rac t iona t ion of ' " X e and "=Xe o c c u r r e d . F o r e x a m p l e , the Xe 
and ' " X e ac t i v i t i e s i n c r e a s e d by f a c t o r s of a p p r o x i m a t e l y 2 and 3, j e^^pec -
t ively, but, b e c a u s e of the m u c h l a r g e r ho ldover in the c o v e r gas of Xe 
f rom the Apr i l 6 f i ss ion p roduc t r e l e a s e , the r e l a t i v e i n c r e a s e s i n d i c a t e a 
heavi ly weighted r e l e a s e in favor of ' " X e . The p o s s i b i l i t y of a h ideout b u b 
ble f rom the Apr i l 6 r e l e a s e being d i s lodged by the p u m p shutdown is h ighly 
unl ikely s ince the ' " x e ac t iv i ty , a l though s e r i o u s l y d i s c r i m i n a t e d a g a i n s t , 
was s t i l l much too high to be r e c o n c i l e d with a r e l e a s e o c c u r r i n g five days 
e a r l i e r . 

The b a r e l y p e r c e p t i b l e FGM s igna l and the s t r o n g 
f rac t ionat ion of ' " X e r e d u c e the c r e d i b i l i t y of d r i v e r - f u e l f a i l u r e . S m c e 
no m e c h a n i s m has been pos tu la ted for the f r ac t iona t ion of ' " X e and Xe 
ac t iv i t i es in a d r i v e r - f u e l e l emen t , a de fec t ive c a p s u l e con ta in ing an e x p e r i 
m e n t a l fuel e l ement with a failed p r i m a r y c ladding is p r e s u m e d to be the 
s o u r c e of f iss ion g a s . 

TABLE I .E.7. I Activity in 
P r i m a r y Sodium 

Date dpm/g ( X 10" 

F u r t h e r ev idence of f r a c t i o n 
a t ion was o b s e r v e d d u r i n g the A p r i l 16 
f i s s i o n - p r o d u c t r e l e a s e . M o s t of the 
p r i m a r y s o d i u m s a m p l e s c o l l e c t e d 
dur ing A p r i l w e r e t aken fronn the 
F E R D loop s a m p l i n g s ta t ion , s i n c e 
the n o r m a l s a m p l i n g s t a t i on in the 
p r i m a r y - s o d i u m - p u r i f i c a t i o n s y s t e m 
w a s out of s e r v i c e d u r i n g p a r t of 
th i s t i m e . R e s u l t s of r a d i o c h e m i c a l 
a n a l y s e s conduc ted for ' " l in the 
p r i m a r y s o d i u m a r e s u m m a r i z e d in 
Tab le I .E .7 . 

A c o m p a r i s o n of the I a c 
t ivi ty l e v e l s wi th p r e v i o u s b a c k g r o u n d 
l e v e l s , and the decay of '^^Xe (between 
r e l e a s e s ) wi th a s i m p l e 9 . 2 - h r half-
life ind ica t ing no p r e c u r s o r , l ead to 

. the c o n c l u s i o n that excep t for the 
Apr i l 19 r e l e a s e , no ev idence of a 

l o s s of sodium bond ex i s ted . It should a l s o be noted that no F E R D s igna l 
i n c r e a s e was obse rved dur ing any of the r e l e a s e s . 

The ev idence for the A p r i l 19 r e l e a s e does not 
posi t ively indica te that t h e r e was no l o s s of s o d i u m bond. F r o m the t i m e -
power h i s t o r i e s p r i o r to Apr i l 6 and Apr i l 20, when the s a m p l e s w e r e taken, 
the r e s p e c t i v e s a tu r a t i on va lues for '^'-I w e r e e s t a b l i s h e d as 42 and 39%. 
Applicat ion of these va lues as c o r r e c t i o n s to the r a d i o c h e m i c a l l y m e a 
su red r e s u l t s l eads to the conc lus ion that a s m a l l iodine r e l e a s e is i nd i ca t ed . 

12/10/67 
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On the other hand, the signal-to-background ratio for this case, approxi
mately 3, is still substantially less than the signal-to-background ratios 
established from the FGM (=30) and from the "^Xe analyses (=40). This 
evidence supports the theory that the re lease of April 19, assuming the 
most pess imis t ic conditions, consisted pr imari ly of fission-product gases . 

(c) Conclusions 

(1) Significant increases in the ' Xe and Xe 
activities in samples from the pr imary- tank cover gas were observed on 
April 6, 11, 16, 19, and 20. Subsequent behavior of the fission product 
species is charac ter i s t ic of gas-type re leases . 

(2) The re leases of April 6, 11, and 19 were 
verified by the FGM. 

(3) No evidence of a bond-type failure was indi
cated by the FERD. 

(4) Analysis of " ' l activity in the pr imary sodium 
and analyses of "*Xe decay between re leases indicate no significant loss of 
sodium bond during the April r e l eases . 

(5) Fractionation of the fission product species 
in favor of the long-lived isotopes has been consistently indicative of a 
re lease from an experimental capsule. 

(6) Four of the re leases followed changes in 
pr imary-coolant flow, and there appears to be a correlat ion between the 
static p r e s su re in the core and the driving fc^ce necessary to cause a 
bubble re lease from a defective capsule. 

(7) The slight increases in ' " X e and ' "Xe activ
ities during the t ransfer of experimental Subassembly X028 following the 
April 20 fission-gas re lease must be considered significant and, if real , 
implies that X028 contains the suspect capsule. Contrary to this evidence, 
however, is the fact that the magnitude of the gas re leases , as nnuch as 
30 t imes normal background, indicates a ceramic-fueled experiment. 
Recoi l - re lease ra tes of r a r e - g a s p recursor species from U-Pu-Zr te rnary 
alloys and U-Fs dr iver fuel should be approximately the same, but since 
no ceramic fuels were in the reactor at the t ime of the last re lease , the 
U - P u - Z r alloys (such as those in X028) must be considered. 

Although X028 is the pr ime suspect, the 
possibility of a failed dr iver-fuel element should not be rejected. To r ec 
oncile the failure of a dr iver element with the intensities and fractionation 
phenomena observed, however, it is necessary to postulate extensive crack
ing of the metall ic fuel or fuel melt ing--effects which are logically a s s o 
ciated with the loss of sodium bond. 
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b . N u c l e a r Ana lys i s Methods Deve lopmen t (P . J . P e r s i a n ! ) 

L a s t Repor ted : ANL-7438 , pp. 43 -46 ( M a r c h 1968). 

(i) Study of Improved C o n t r o l R o d s . The c o n t r o l - r o d c a l c u l a 
t ions (see P r o g r e s s Repor t for F e b r u a r y 1968, A N L - 7 4 2 7 , pp. 4 6 - 4 8 , and 
ANL-7438 , pp. 44-45) have been cont inued wi th e m p h a s i s on d e t e r m i n i n g 
the influence of the B4C e n r i c h m e n t . T a b l e I .E .8 g ives s o m e r e s u l t s . 

TABLE I.E.8. Calculated Reactivities for Movement of 
Ten Full Poison Control Rods in Ring 5 

(The volume fraction of B4C is 0.406 in all cases) 

Case 
No.^ Location of "Poison Section" Description of "Poison Section" k 

10 Botton at core top Boron in B4C enriched to 
69 a/o '°B 0.9594 

12 Botton at core bottom Boron in B4C enriched to 

69 a/o ' " B 0.8637 

15 Bottom at core top B4C replaced by stainless steel 0.9913 

16 Bottom at core top Boron in B4C enriched to 92% '°B 0.9551 

17 Bottom at core top Natural boron in B4C 0.9748 

18 Bottom at core bottom Natural boron in B4C 0.9469 

The numbering of the cases as used in ANL-7427 and ANL-7438 has been retained; 
therefore some case numbers a re missing. 

The to ta l ca l cu la t ed con t ro l wor th of a n a t u r a l bo ron s y s 
tem ( ca se s 17 and 18 of Tab le I .E.8) is a Ak of 2.8%. Th i s can be c o m p a r e d 
with a Ak of 9.6% for boron e n r i c h e d to 69 a / o ( c a s e s 10 and 12). Rep lac ing 
s t a i n l e s s s t ee l with B4C in the b lanket c a u s e s a Ak of 1.6, 3.2 and 3.6% for 
boron e n r i c h m e n t of 20 (na tura l ) , 69, and 92%, r e s p e c t i v e l y ( c a s e s 10, 15, 
16, and 17). This r e p l a c e m e n t is a p p r o x i m a t e d in the c o r e by c a s e s 12, 15, 
and 17, f rom which Ak of 4.4 and 12.8% can be d e r i v e d for the c a s e s of na t 
u r a l and 69% e n r i c h e d boron , r e s p e c t i v e l y . The i n c r e a s i n g r e a c t i v i t y effect 
with e n r i c h m e n t appa ren t l y " s a t u r a t e s out" f a s t e r in the b lanke t than in the 
co re , probably b e c a u s e of the h a r d e r c o r e s p e c t r u m . 

(i ') P o w e r D i s t r i b u t i o n with D r i v e r S u b a s s e m b l i e s in Row 7. The 
influence of fuel in Row 7 on the power d i s t r i b u t i o n in the o u t e r b l anke t r e 
gion of the E B R - I I is being s tudied for a b lanke t s y s t e m and a r e f l e c t o r s y s 
t em. Fue l s u b a s s e m b l i e s w e r e pos i t ioned at a c o r n e r of Row 7, the c e n t e r 
posi t ion of a s ide , the e n t i r e s ide , and tfie e n t i r e row. E a c h p r o b l e m was 
run under SNARG-2D for S^ = 4, X-Y g e o m e t r y with a twofold s y m m e t r y . 
The power d i s t r i bu t i on over the r e a c t o r was obta ined wi th PY RO . C u r r e n t 
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e f fo r t s a r e d i r e c t e d a t c o m p a r i n g the p o w e r d i s t r i b u t i o n s to d e t e r m i n e power 
c h a n g e s in Rows 10 and 11 . A code , P L O T P O W D , is be ing w r i t t e n to plot 
p o w e r d i s t r i b u t i o n (in kW) a s to ta l e v e n t s , a s d i f f e r e n c e s , o r p e r c e n t change 
on a r e c t a n g u l a r d i sp l ay d i a g r a m . 

(ii i) I r r a d i a t i o n of O x i d e - f u e l S u b a s s e m b l y in E B R - I I . A p r e 
l i m i n a r y s tudy is be ing conduc ted of s o m e a s p e c t s of the p e r f o r m a n c e of 
" t y p i c a l " F F T F t e s t s u b a s s e m b l i e s in E B R - I I and of t h e i r effect on E B R - I I 
p e r f o r m a n c e . Two " t y p i c a l " F F T F t e s t s u b a s s e n n b l i e s w e r e c o n s i d e r e d 
d u r i n g the s tudy: one d e s i g n a t e d a s the A N L - G E type , and the o t h e r a s the 
P N L type . The A N L - G E type w a s s tud ied f i r s t , and the r e s u l t s w e r e m o d i 
fied for the s tudy of the P N L t y p e . 

(a) A N L - G E T y p e . A d e s c r i p t i o n of the A N L - G E t e s t s u b 
a s s e m b l y is g iven in T a b l e I . E . 9 . The r e a c t i v i t y w o r t h of r e p l a c i n g an 
E B R - I I d r i v e r wi th a t e s t s u b a s s e m b l y w a s ob ta ined with X-Y SNARG c a l 
c u l a t i o n s a long wi th the change in power d e n s i t y . The r e a c t i v i t y w o r t h s for 
v a r i o u s u r a n i u m e n r i c h m e n t and s u b a s s e m b l y p o s i t i o n s , a s wel l a s the r a t i o 
of the power d e n s i t y in the t e s t s u b a s s e m b l y to the d r i v e r tha t w a s r e p l a c e d , 
a r e g iven in T a b l e I .E . 10. The r e a c t i v i t y w o r t h of the r e p l a c e m e n t i s p r e 
s en t ed a s a funct ion of change in the load ing of U (equiva len t ) in F i g . I .E .9 , 
w h e r e ^ " P u is a s s u m e d to have twice the r e a c t i v i t y of U. 

TABLE I.E.9. Description of ANL, GE, and PNL Types of 
Oxide Test Subassembly 

Composition 
Pellet diameter (in.) 
Clad OD (in.) 
Clad thickness (in.) 
Smear density (%) 
Height (in.) 
Linear power (kW/ft) 
U enrichment (a/o) 
Pu enrichment (a/o) 

U02-

A N L 

•20 w/o 
0.245 
0.290 
0.020 

- 8 4 
11.0 
- 1 7 

93 
91 

PUO2 vo^-

GE 

25 w/o 
0.243 
0.290 
0.020 

- 8 5 
13.5 
- 2 0 

9 3 
91 

PUO2 UO2 

P N L 

-25 w/o PuOj 
0.210 
0.250 
0.015 

83» 
13.5 

5-17 
0,43.93 

91 

^Theoretical density = 93%. 

TABLE I.E. 10. Percent Reactivity Change and Power-density Ratio 
for ANL-GE Subassembly versus Driver Fuel 

(a/o) 

93 
43 

0 

nt 
Row 2 

+ 0.52 
-0.07 
-0.64 

Percent 

Row 3 

+0.42 
-0.07 
-0.53 

Reactivi 

Row 4 

-0.32 
-0.05 
-0.40 

ty Change 

Row 5 

-0.24 
-0.02 
-0.30 

Row 6 

-0.16 
-0.003 
-0.21 

Power-densi ty 
Ratio 

(Oxide/Driver) 

1.163 
0.708 
0.377 
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The results for linear power generation in ANL-GE 
oxide, shown in Table I.E. 11, were obtained by correcting for the difference 
in power density and the length of fuel pins between the test and driver sub
assemblies. The number of days to achieve I a /o burnup for the mixed-
oxide fuel, shown in Table I.E. 12, was obtained by correcting the dr iver-
fuel value of 2735 MWd/l a/o burnup in the center position. 

TABLE l.E.l 1. Linear Power Generation (in kW/ft, avg) of 
ANL-GE Oxide Test Subassemblies 

Enrichment 
(a/o) 

93 
43 

0 

Row 2 

22.8 
13.8 

7.3 

Row 3 

21.1 
12.8 

6.8 

Row 4 

18.5 
11.3 

6.0 

Row 5 

14.8 
9.0 
4.7 

Row 6 

11.4 
6.9 
3.6 

TABLE I.E. 12. Number of Days of 45-MW Operation to Attain 
1% Burnup in ANL-GE Oxide Test Subassembly 

Enrichment 
(a/o) 

93 
43 

0 

Row 2 

48 
80 

150 

Row 3 

52 
86 

160 

Row 4 

60 
99 

186 

Row 5 

74 
122 
228 

Row 6 

96 
160 
300 
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Two-dimensional calculations determined the worth of 
fuel expansion according to position in EBR-II. In considering the safety 
aspect of the oxide-fuel loading, a conservative fuel-expansion coefficient of 
zero was taken. The loss of the reactivity decrement at 45 MW due to an 
oxide subassembly is given in Table I.E. 13 as a function of core position. 

TABLE I.E. 13. Loss of Power Defect due to Absence of 
Axial Expansion in Oxide Test Subassembly 

Subassembly Position 

Row 1 Rows 2, 3 Rows 4, 5 Row 6 

Loss per Subassembly, Ih 1.3 1.0 0.63 0.47 

(b) PNL Type. The performance of PNL type of subassembly 
(see Table I.E.9) was based on the resul ts for the ANL-GE type. The re
activity worths and power-density ratio calculated are in Table I.E. 14, the 
linear power generation in Table I.E. 15, and burnup ra tes in Table I.E. 16; 
all a re based on the relative ^'^U (equivalent) loadings of the PNL and 
ANL-GE types. The loss of the reactivity defect is the sanne in both types 
since both a re assumed to have a zero fuel-expansion coefficient. 

TABLE I.E. 14. Percent Reactivity Change and Power-densi ty Ratio 
for PNL-GE Subassembly versus Driver Fuel 

Enrichment 
(a/o) 

93 
43 

0 

Row 1 

+0.12 
-0.40 
-0.80 

Percent 

Row 3 

+ 0.095 
-0.33 
-0.66 

Reactivit 

Row 4 

+0.065 
-0.25 
-0.52 

y CUange 

Row 5 

+ 0.050 
-0.20 
-0.38 

Row 6 

+ 0.030 
-0.14 
-0.25 

Power-densi ty 
Ratio 

(Oxide/Driver) 

0.92 
0.56 
0.30 

TABLE I.E. 15. Linear Power Generation in 
PNL Oxide Pins 

Enrichment 
"=U (a/o) 

93 
43 

0 

Row 2 

18.0 
10.5 

5.8 

Power 

Row 3 

16.7 
9.9 
5.4 

Dl ensity (kW/ft 

Row 4 

14.6 
8.8 
4.7 

. avg) 

Row 5 

11.7 
6.9 
3.8 

Row 6 

9.0 
5.3 
1.^ 
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T A B L E I .E. 16. N u m b e r of Days of 45-MW O p e r a t i o n to At t a in 
1 a / o B u r n u p in P N L Oxide F u e l 

E n r i c h m e n t 
Days for 1 a / o B u r n u p 

" ' U (a /o ) Row 2 Row 3 Row 4 Row 5 Row 6 

93 60 65 75 92 120 
43 100 107 124 152 200 

0 188 200 232 285 375 

(c) S u m m a r y . The p r e l i m i n a r y s tudy has been m a d e to 
d e t e r m i n e the m a x i m u m n u m b e r of oxide t e s t s u b a s s e m b l i e s wh ich can be 
loaded into E B R - I I . The d e t e r m i n a t i o n has been b a s e d in p a r t on an a l l o w 
able l o s s of 10 to 15 Ih in the power d e c r e m e n t . B a s e d on the d a t a in 
Tab le I .E . 14, the m a x i m u m n u m b e r of t e s t s u b a s s e m b l i e s r a n g e s b e t w e e n 
10 (for a l l t e s t s u b a s s e m b l i e s in Rows 2 and 3) and 20 (for a l l t e s t s u b a s 
s e m b l i e s in Row 6). 

(iv) Study of P o w e r Coeff ic ient . The l i n e a r c o m p o n e n t of the 
power coefficient was c a l c u l a t e d for Run 27A and for a s i m i l a r c o r e loading 
s u r r o u n d e d by a d e p l e t e d - u r a n i u m b lanke t . F o r the load ing with a full b l a n 
ket , r e f e r r e d to a s Run 27 -BNKT, four h a l f - l o a d e d s u b a s s e m b l i e s i n R u n 2 7 A 
w e r e r ep l aced with fully loaded s u b a s s e m b l i e s , and the s t e e l r e f l e c t o r in 
Rings 7 and 8 with blanket s u b a s s e m b l i e s . The c a l c u l a t i o n a l m e t h o d w a s the 
s a m e as that used for Runs 16, 24. 25, and 26. The v a l u e s of the c o m p o n e n t s 
of the power coefficient a r e given in Tab le I .E . 17. 

T A B L E I .E. 17. Componen t s of P o w e r Coeff ic ien t in 
Units of Ak (x 10^) o r A k / A T (x 10^) 

Component Run 27A Run 2 7 - B N K T 

N a - - C o r e Ak - 4 1 . 7 . 3 9 3 
Ak/AT - 0 . 4 5 3 -0 .451 

N a - - U p p e r ref l Ak - 4 1 . 3 - 3 7 . 5 

Ak/AT - 0 . 2 2 5 

N a - - I n n e r r e f l / b n k t Ak . 3 . 4 

N a - - T o t a l - 8 6 . 7 

Fue l Ak 
Ak/AT 

S t e e l - - A x i a l Ak - 1 7 . 3 -10 9 
Radia l Ak - 1 1 5 4 - 8 8 7 

Ak/Ak I n / m i l - 3 .42 - 3 . 5 9 

45 MW (no r a d i a l ) Ak - 1 4 8 . 1 - 1 4 1 . 3 

^5 M W A k . 2 6 5 . 9 - 2 4 4 . 0 

- 0 . 2 1 4 

- 5 . 6 

- 8 2 . 4 

42 .0 - 4 4 . 0 
- 0 . 1 9 9 - 0 . 2 1 8 
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The tempera tures used for Runs 27A and 27-BNKT were 
those calculated for Runs 25 and 24, respectively. The values of the conn-
ponents for Run 27A are slightly more negative than those for Runs 26B and 
25, which were s imilar in loading to Run 27A. Most coefficients for 
Run 27-BNKT are more negative than those for Run 24, which also had a 
depleted-uranium blanket but a smal ler core loading than Run 27-BNKT. 
Note that sodium tempera tures were used in calculating the steel radial 
expansion for Run 27-BNKT whereas the steel tempera tures were used in 
all other calculations. 

The calculations for Runs 27A and 27-BNKT indicate that 
the linear components of the power coefficient have not changed significantly 
from previous loadings. Any change in the total power coefficient would be 
due to a change in the pattern of radial movement of the subassemblies . 

(v) EBR-II Dynamics Analysis. Analog computer studies of the 
EBR-II power- to-react ivi ty feedback curves measured in Run 26 have been 
made using estimated time constants for the axial fuel-expansion effect 
(coefficient experimentally measured in separate reactor runs), the sodium 
density effect (theoretical est imate of coefficient), and the control-rod-bank 
expansion effect. It was observed that the s t ructural effect which must be 
added to the computer analog of the above effects to secure rod-drop curves 
matching those of Run 26 could be synthesized from at least three positive 
feedback coefficients with typical time constants of approximately 0.3, 2, 
and 6 sec. However, while the rod-drop data could be fairly well r ep re 
sented by this means, the transfer-function data (particularly the phase 
data) could not. This has led to the conclusion that it is necessary to t reat 
the dynamic s t ructura l effect as a cooperative thermomechanical interaction 
between Rows 6, 7, 8, and 9. The 2-sec time constant obtained in the analog 
computer studies may result from dynamic radial heat t ransfer between 
Rows 6 and 7 or from dynamic cooperative thermomechanical motion be
tween rows or possibly both. 

For example, the t ransi t time of the outer blanket sodium 
is 2-3 sec and could take part in such a cooperative motion. The inner ple-
nunn sodium holdup time is also 2-3 sec, but effects fronn the plenum sodium 
tempera ture seem to be only very small ones related to expansion of the 
subassemblies at their upper end. 

A static bowing model constitutes a possible means of solv
ing the above extremely complex dynamic s t ruc tura l problem by combination 
with a program for determination of differential t empera tures to be inputed 
as a function of t ime. It is estimated that the present Bow II computer code 
must be upgraded by an order of magnitude in resul t accuracy to be useful 
in such an application. The code is being examined to determine the feasi
bility of such an improvement. 
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c. Reactor System Testing, Surveillance, and Evaluation 
(B. C. Cerutti) 

Last Reported: ANL-7438, pp. 46-47 (March 1968). 

(i) Fuel-handling Operations. Because of operational problems 
with the reactor-vessel cover lock No. 3, a new plant-modification proposal 
to improve lock operation and reduce the possibility of electr ical or mechan
ical damage to the lock unit has been submitted. The torque- l imiter switch 
on this unit (which stops the drive motor) has not been dependable. Disas
sembly revealed a binding switch actuator and some loose electr ical connec
tions. The lock was repaired and seems to be operating properly, but the 
modification will be installed as soon as possible. 

Binding of the vertical motion of the fuel-transfer a rm at 
the "transfer" point has recently been encountered. The symptoms are sim
ilar to those exhibited in March 1966 immediately after the t r ans fe r - a rm 
repair and reinsertion into the pr imary tank. At that time sodium oxide was 
believed to have been carr ied into the annulus between the t r ans f e r - a rm sup
port column and the plug during insertion. Continued use of the t ransfer a rm 
at that time reduced the binding until the problem disappeared completely. 
After the recent binding, the rotational interlock solenoids were retracted, 
and the transfer arm was exercised both vertically and in rotation at the 
"transfer" point. Binding had occurred only when handling a heavy subas
sembly and only at the transfer position, so exercising was done with in
creasing subassembly weights and near the t ransfer positions. The binding 
decreased as the transfer arnn was exercised until operation essentially 
returned to normal. A possible explanation is that there is a buildup of 
sodium oxide around the support column and occasionally a small quantity 
drops into an area of close clearance and causes the binding. Fuel-handling 
operations continued without difficulty after the a rm was exercised. The 
clutch for the vertical movement mechanism on the fuel-transfer a rm was 
reworked and set to limit the force that can be applied to 100 lb. The handle 
attachment was also reworked to prevent shearing of the linkage bolts. 

Cleaning and level adjustment of the rotat ing-plug-seal 
alloy gave results as follows: 

Dross removed, lb 
Seal alloy added, lb 
Seal alloy depth after filling,-in. 
Nominal seal alloy depth, in. 

Large 
Plug 

171 
224 

8 

H 

Small 
Plug 

150 
264 

8 | 
9 



(ii) P r imary - sod ium Purification System. To help in trouble 
shooting the surge-tank vacuum and argon-supply systems, a vacuum gauge 
was installed between the two argon-gas syphon-break valves. This gauge 
provides a means for determining the leak rate through the motorized 
bellows-sealed gate valve. 

d. Fuel Swelling and Driver Surveillance (F. G. Foote) 

(i) Mark lA--Investigation of Anomalous Fuel Swelling 

Last Reported: ANL-7438, pp. 48-49 (March 1968). 

(a) Extended Burnup of MC-S-type Fuel Pins. Matched 
Set No. 2, which consists of Subassemblies C-2027 and C-2036, was removed 
from the reactor core midway through Reactor Run 27; Subassembly C-2027 
is being held in the fuel-transfer storage rack and C-2036 has been t r ans 
ferred to FCF for fuel-swelling surveil lance. Two subassemblies (C-291and 
C-2027) a re now being held in the storage rack for possible reinsert ion into 
the core for additional burnup. 

(b) High-burnup Irradiat ions of Mark-IA Fuel. Irradiat ion-
test Subassemblies X015 and XO 1 7 have been removed from the core and 
stored in the reactor storage basket. 

(c) Effect of the Change to Mark-IA Design upon Fuel 
Swelling. Swelling resul ts from Subassembly C-298 are not yet available. 
The conclusions that there is no effect upon swelling from design change r e 
main unchanged (see P r o g r e s s Report for F ^ r u a r y 1968, ANL-7427, 
pp. 54-55). A third subassembly is being prepared that contains more of the 
same fuel mater ia l s in additional elements of the Mark-I, Mark-IA, and 
Mark-IB fuel-element designs. 

(d) Effect of Trace-e lement Impurities upon Fuel Swelling. 
Subassembly C-2077, which contains fuel pins cast at Illinois in the injection-
casting furnace, was removed from the core at a maximunn burnup level of 
0.8 a/o and t ransfer red to the FCF for fuel-swelling measurements . Re
sults a re not yet available. 

(e) Effect of Heat Treatment upon Swelling of U-5 w/o Fs 
Alloy. Density measurements have been completed on all 12 specimens of 
this s e r i e s . The least swelling was observed in the a s - c a s t condition and 
after water quenching from the high-gamma region. Higher swelling values 
were obtained from specimens in the as-aged condition (1 hr at 500°C). 
Unfortunately, all dr iver fuel receives an aging t rea tment as part of the 
sodium-bonding p rocess . 
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(f) Hot Laboratory Examination of Irradiated Fuel 

(i) Fuel Surveillance. Ten subassemblies (L-447, 
C-2003, B-352, B-354, B-355, B-356, B-357, B-358, B-359, and B-360) 
were removed from the core near the end of Reactor Run 27. Since all of 
these subassemblies contain some fuel elements that may have been clad in 
seamless tubing, the subassemblies a re considered to be potential l eakers . 
Five have already been transferred to the FCF to survey for sodium level 
and for cladding leaks. Regardless of whether cladding leaks a re found or 
not, the survey will add about 850 more data points of swelling, burnup, and 
temperature to our accumulation. 

(g) Analysis of Fuel-pin Swelling. An attempt is being 
made to develop a new figure of meri t . The method is based upon fitting 
an equation of the form 

% Swelling = a(Bu- 0.48)^ + 4 . 4 B u ( ^ ] - 0.7 (l) 

to the swelling, burnup (Bu), and temperature data for a given casting batch, 
where T is the average tennperature of the fuel elements in the set, and a 
is used as the figure of meri t . If we assume that a is l inearly dependent 
upon the trace-element impurities, we obtain, for 19 different casting 
batches, 

a = 34.577 - 0.081 (Si) - 0.013 (Al) - 0.012 (Fe) - 0.001 (C). (2) 

The factor for silicon is approximately six t imes larger than that for either 
aluminum or iron; thus, the calculations confirm the effectiveness of silicon 
in the production of fuel with low swelling ra tes . This approach to the swell
ing problem is being developed further. New and more accurate fuel-
tennperature data are now being obtained and will be used in the analysis . 

(ii) TREAT Experiments 

Last Reported: ANL-7438, pp. 51-52 (March 1968). 

(a) Fuel-motion Studies with Mark-IA Fuel Elements 
(C. J. Renken) 

In a future transient experiment in TREAT, an attempt 
will be made to measure the fuel motion in Mark-IA fuel elements during 
the course of the transient. The end of the fuel will move through a pulsed 
induction field generated and detected by t ransducers that consist of groups 
of coaxial coils. A transducer will be provided for both the top and the bot
tom of the fuel. The fuel motion may be measurably independent of the 
motion of the sodium during the transient by analysis of the train of pulses 
produced by the fuel motion, and by time sampling of the individual pulses. 
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The res is t iv i t ies of the sodium, the fuel, and the clad
ding will change drast ical ly as the fuel element heats . This effect appears 
reconcilable by careful design of the t ransducer , as well as by proper choice 
of pulse length and sampling tinne. However, the success of this plan de
pends on the existence of a difference between the res is t ivi t ies of the sodium 
and of the fuel pin that is great enough to produce a usable signal. The ex
tent of this difference has been the subject of some investigation. 

The experiments s tar t by electrically heating the fuel 
element to a tempera ture high enough to melt the sodium. At 150°C, the 
resist ivity of the sodium will be about 11 /.iohm-cm, and the approximate 
resist ivity of the unirradiated uranium-5 w/o fissium fuel is estimated to 
be about 68 /;iohm-cm. (Actual measurements a re available only to up 
50''C.) This difference is very favorable, but unfortunately the tempera ture 
coefficient of resist ivi ty of molten sodium is strongly positive, while the 
coefficient of the gamma-quenched fuel probably is weakly negative. At 
the projected peak surface tempera ture of the fuel during the transient , 
800°C, the sodium will have a resist ivi ty of about 44 /lohm-cm, while the 
resist ivity of the fuel could have dropped considerably from the 150°C value 
of 69 fiohm-cm (at 150°C). This convergence of the res is t iv i t ies will degrade 
the signal produced as the end of the fuel pin passes through the t ransducer 
field. 

The situation will improve when measurements a re 
attennpted on i r radiated fuel e lements . The irradiat ion damage in the fuel 
can be expected to ra ise the effective resis t ivi ty. Any surface damage suf
fered, which is likely at the projected burnup of 1.2 a/o, will be beneficial. 
The fuel probably will be converted to a predominantly alpha phase during 
irradiat ion and will then possess a positive coefficient of resist ivity that 
will help maintain a useful difference between the res is t ivi t ies of the fuel 
and the sodium. 

The uncertainty in the resist ivi ty values of the fuel and 
the sodium at any given time during the t ransient is bound to reduce the ac
curacy of the motion measurement . Close attention to t ransducer design 
will be necessary to reduce this ambiguity. 

e. Mark-II Driver Fuel Element Development (J. H. Kittel) 

(i) Element Irradiat ion Tes t s , Metallurgy, Idaho (M. A. Pugacz) 

Last Reported: ANL-7438, pp. 52-53 (March 1968). 

An i rradiat ion capsule that will contain three prototype 
Mark-IIA elements is being assembled for insert ion in the CP-5 reac tor . 
The objectives of the i rradiat ion a re to study the change in central t empera 
ture of the fuel due to swelling, and to determine ga s -p re s su re buildup in the 
plenum due to thermal expansion, fuel swelling, and fission-gas re lease . 
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The prototype elements have the same cross -sec t ion dimen
sions as the Mark-II elements; however, the length dimensions have been 
scaled down by a factor of seven. Two of the elements are instrumented 
with thermocouples to measure the temperatures of the cladding and of the 
center of the fuel. The other element is instrumented with a "null-type" 
pressure transducer that will provide information of the gas p r e s su re in 
the plenum. 

As of April 10, the experimental fuel elements of Mark-II 
design were exposed to 922 MWd in Subassembly X029 in EBR-II. The 
maximum calculated burnup was 0.53 a/o. 

Twenty-two of the 25 capsules shipped to Idaho as replace
ments for capsules to be removed from experimental Subassennbly X029 
were rejected because of thinning of the weld closures below the tube-wall 
thickness. Two improved joint designs were tested: a square butt-joint 
with a lO-mil undercut, and a square butt-joint with no undercut. Both de
signs showed excellent capability of producing sound welds consistently. 
The butt-joint without undercut was the easiest to prepare and was the p re 
ferred joint design, but it was also the most difficult to inspect by nonde
structive inspection techniques. Several weldments and cross sections of 
each design were sent to Idaho for examination and evaluation. Subsequently, 
Idaho authorized an increase of 0.010 in. in the flange width. 

End pieces have been machined in accordance with the 
change. Replacement tubes have been received from Idaho, and the bottom 
ends have been welded. Inspection of the welds by X ray is in p rogress . 

Prel iminary creep-s t ra in calculations have been made for 
the Mark-II fuel cladding by assuming that at a burnup level of 5 a/o the 
circumferential s t ress of the cladding increases linearly from 0 to 16,000 psi 
in 366 days at 550°C (50 MW reactor operation) and 292 days at 600°C 
(62.5-MW reactor operation). At 550°C, Types 304L and 316 stainless steel 
develop 0.1% strain in -350 and -500 days, respectively. At 600°C, 
Types 304L and 316 stainless steel develop 0.1% stra in in -200 and-300days, 
respectively. These preliminary calculations indicate that the creep strain 
of Type 304L stainless steel cladding may limit Mark-II fuel-element life
time to burnups less than 5 a/o; if, however. Type 316 stainless steel clad
ding is used for the Mark-II element, cladding strain will not limit fuel-
element lifetime. 

(") Voids in the Fuel Cladding and the Control-rod Shroud of 
EBR-II (S. D. Harkness) 

Last Reported: ANL-7438, pp. 49-50 (March 1968). 

(^) Mark-IA Fuel Cladding. Two additional sections of 
cladding were examined from the fuel element that exhibited high swelling. 



These sections showed the same general micros t ruc ture ; voids and Frank 
dislocation loops were homogeneously distributed throughout the mater ia l , 
but no voids were observed to lie on grain boundaries. The measured 
values of void-volume fraction are consistent with those observed by other 
workers for austenitic stainless steels that have undergone a similar fluence. 
Corrected values of average void size (<D>), number density (Ny). and 
volume fraction (Vp) calculated for the four sections are listed in 
Table I.E.18. 

TABLE I.E. 18. Results of Examination of Mark-IA Fuel Cladding 

Sample 
Number 

1 
2 
3 
4 

Max 
Cladding 

Tennp 
(°C) 

480 
465 
492 
462 

(b) 

Approximate 
Fluence 

(n /cm^xlO '" ) 

1.2 
1.4 
1.1 
1.4 

EBR-II Control-rod 

< D > 
(A) 

93 
105 
140 

91 

Shroud. 

(No 
N y 

./cnn' x 

5.4 
4.0 
1.5 
2.8 

Sections of 

10'") 

a Type 

V F 
(%) 

0.2 
0.2 
0.2 
0.1 

304 

stainless steel control-rod shroud that had been irradiated in EBR-II to a 
peak fluence of 5 x 10^^ n/cm^ are being examined. This nnaterial is of 
great interest for two reasons: first, the fluence is higher than for any 
Type 304 stainless steel previously studied, and second, the shroud was 
unstressed during exposure. These points should aid in delineating the 
roles of fluence and s t ress in the void-growth process . 

« 
Density measurements for three different positions 

a re presented in Table I.E. 19. The experinnentally determined standard 
deviation for these resul ts was 0.002 g/cm . The large amount of indicated 
void formation implies that the presence of s t r ess is unimportant to the 
phenomenon. 

TABLE I.E. 19. Density Results for Control-rod Shroud 

Sample Position Irradiation 
above Bottom Temperature Fluence F 
of Core (in.) (°C) (n/cm^xlO") (% Increase in Volume) 

23.5 470 1.0 0.06 
17.5 470 2.0 0.28 
5.5 420 4.8 1.04 

At present, one section of the shroud has been exam
ined by t ransmission electron microscopy (TEM). The estimated fluence 
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and temperature for this section are 4.5 x 10^̂  n/cm^ and 410°C, respec
tively. The general microstructure was the same as observed in the clad
ding. A representative micrograph is presented in Fig. I.E. 10. The 
average void diameter was 100 A, the number density was 4.5 x lO'Ycm', 
and the calculated volume fraction was 0.25%. Since void formation is 
strongly temperature dependent, it is expected that sections that experi
enced higher irradiation temperatures will show larger void-volume 
fractions. 

96,O0OX 

Fig. I.E.10. Typical Microstructure from Type 304 Stainless Steel 
Control-rod Siiroud (Sample Fluence = 4.5 x 
1 0 " n/cm ; Irradiation Temperature = 410°C) 

f. Equipment--Fuel Related (E. Hutter) 

Last Reported: ANL-7438, pp. 53-54 (March 1968). 

(i) Oscillator Rod Mark II. Further evaluation of the 39-fuel-
element and 22-dummy-element oscil lator-rod design to replace the exist
ing Type-II oscillator rod (see Progress Report for February 1968, 
ANL-7427, p. 61) has revealed that a fully fueled rod with 61 elements 
could be used instead and would not present major engineering problems 
Additional flow holes would have to be drilled near the center of the lower 
shield. Hole size and location have been calculated. A more precise 
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m e t h o d to d e t e r m i n e e x a c t flow o r i f i c e s would r e q u i r e a m o d e l for e x p e r i 
m e n t a l l y s i z i ng the h o l e s . 

(ii) E n g i n e e r i n g C o n s u l t a t i o n 

(a) S W E L L : A F u e l - e l e m e n t - l i f e t i m e C o d e . A f u e l - e l e m e n t -
l i f e t ime code , S W E L L , * w a s w r i t t e n about a y e a r ago wi th a t h r e e f o l d p u r 
p o s e : (1) to a c h i e v e g e n e r a l c apab i l i t y for f u e l - e l e m e n t - l i f e t i m e c a l c u l a t i o n s , 
(2) to a id in the d e s i g n of the M a r k - I I fuel e l e m e n t s , and (3) to d e m o n s t r a t e 
that f u e l - e l e m e n t l i f e t i m e shou ld be t r e a t e d a s a dependen t v a r i a b l e in 
s t u d i e s of 1000 -MWe L M F B R p o w e r - p l a n t o p t i m i z a t i o n . 

O r i g i n a l l y , S W E L L w a s s l an t ed t o w a r d ox ide - fue l e l e 
m e n t s b e c a u s e t h e i r b e h a v i o r , p a r t i c u l a r l y n e a r end of l i fe , was b e t t e r known 
than tha t of m e t a l fuel e l e m e n t s . As a r e s u l t , only r e c e n t l y has S W E L L been 
app l i ed s u c c e s s f u l l y to m e t a l fuel. 

P r e s e n t w o r k on i m p r o v i n g the S W E L L code for e s t i 
m a t i n g the t i m e of c l add ing f a i l u r e i nvo lves e l i m i n a t i n g the c r i t e r i o n tha t 
c l add ing f a i l u r e o c c u r s when ne t g rowth t a k e s p l ace on e v e r y t h e r m a l c y c l e . 
I n s t ead , the a c t u a l a m o u n t of g rowth f r o m cyc l ing wi l l be c o n s i d e r e d a s j u s t 
a n o t h e r s o u r c e of d a m a g e to be added to tha t f r o m c r e e p , t h e r m a l - s t r e s s 
fa t igue , and i r r a d i a t i o n . 

In i t i a l r e s u l t s fronn S W E L L i n d i c a t e d tha t the c o d e 
o v e r e s t i m a t e d the c l add ing c r e e p c a u s e d by t h e r m a l s t r e s s e s . T h e r e f o r e , 
the code i s be ing changed so tha t a s c r e e p due to t h e r m a l s t r e s s e s o c c u r s , 
the t h e r m a l s t r e s s e s r e d u c e c o r r e s p o n d i n g l y , in nnuch the s a m e m a n n e r a s 
they r e d u c e by p l a s t i c d e f o r m a t i o n . 

g. E q u i p m e n t - - R e a c t o r and P r i m a r y Coolan t Systenn (B. C. C e r u t t i ) 

L a s t R e p o r t e d : A N L - 7 4 3 8 , pp. 54 -55 ( M a r c h 1968). 

(i) F u e l - h a n d l i n g S y s t e m . As the r e s u l t of an o p e r a t i o n a l p r o b 
l e m in which one of the t h r e e r e a c t o r c o v e r l o c k s fa i led to t o r q u e p r o p e r l y , 
a p r o t e c t i v e c i r c u i t w a s d e s i g n e d for the c o v e r - l o c k m o t o r - c o n t r o l c i r c u i t 
to a u t o m a t i c a l l y d e - e n e r g i z e the m o t o r s p r i o r to m o t o r d a m a g e . The c i r 
cui t d e - e n e r g i z e s the c o v e r lock m o t o r s and p r e v e n t s r e s t a r t i n g un t i l a 
check h a s b e e n m a d e of the l o c k s . 

(ii) Sod ium S a m p l i n g P u m p and F i l t e r . Newly c o m p l e t e d e l e c 
t r i c a l m o d i f i c a t i o n s h a v e been t e s t e d s u c c e s s f u l l y . T h e s o d i u m s a m p l i n g 
p u m p and f i l t e r a s s e m b l y h a s b e e n d i s a s s e m b l e d , c l e a n e d , and i n s p e c t e d . 
T h e p u m p and f i l t e r wi l l be sh ipped to the r e a c t o r , w h e r e they wi l l be i n 
s t a l l e d in a s p a r e n o z z l e of t he p r i m a r y - t a n k c o v e r . 

( i i i ) I n t e r m e d i a t e Hea t E x c h a n g e r Sea l . T h e t e s t r i g h a s b e e n 
c o m p l e t e d . T h e baff le h a s b e e n f a b r i c a t e d and i s be ing hea t t r e a t e d . When 
the baffle h a s b e e n m o u n t e d , t he t e s t r i g wi l l be s o a k e d in 700' 'F s o d i u m to 
d e t e r m i n e w h e t h e r the ba f f l e ' s s p r i n g c h a r a c t e r i s t i c s a r e a f fec ted . 

•Bump. T. R., Eflects of Other Power Plant Parameters on Fuel-element Lifetime, Trans. Am. Nucl. Soc. 
10(2), 664(1967). 
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h. S e c o n d a r y Sodium and P o w e r S y s t e m s ( B . C . C e r u t t i ) 

L a s t Repo r t ed : A N L - 7 4 3 8 , p . 55 ( M a r c h 1968). 

(i) Con t ro l S y s t e m for B o i l e r - w a t e r L e v e l . A s e r i e s of t e s t s 
w e r e p e r f o r m e d on a s t a t i c c o n t r o l uni t to r e p l a c e the e x i s t i n g s e r v o -
o p e r a t e d c o n t r o l s y s t e m for b o i l e r - w a t e r l e v e l . The t e s t r e s u l t s i n d i c a t e 
tha t the s t a t i c c o n t r o l l e r i s s a t i s f a c t o r y for u s e as a r e p l a c e m e n t un i t . The 
u s e of the s t a t i c c o n t r o l l e r wi l l r e d u c e the n u m b e r of c o m p o n e n t s in the s y s 
t e m and should i m p r o v e o v e r a l l s y s t e m r e l i a b i l i t y . 

(ii) S t u d y - - S o d i u m - W a t e r Reac t i on , P r e s s u r e Relief , S e c o n d a r y 
S y s t e m . Although the des ign of the s t e a m g e n e r a t o r s and s u p e r h e a t e r s i s 
in tended to p r e c l u d e a s o d i u m - w a t e r r e a c t i o n , b e c a u s e of the s e r i o u s n e s s 
of po t en t i a l d a m a g e if a r u p t u r e o c c u r s in the s e c o n d a r y s y s t e m , a s tudy 
h a s b e e n in i t i a t ed to d e t e r m i n e the abi l i ty of the s u p e r h e a t e r to s u s t a i n c e r 
t a in r e a c t i o n e f fec t s . 

The study is b a s e d on the n e e d to u n d e r s t a n d the m e c h a 
n i s m s for such r e a c t i o n s and the s t r u c t u r a l r e s p o n s e for c a s e s in wh ich a 
t u b u l a r s u p e r h e a t e r i s not b l anke t ed wi th an i n e r t c o v e r g a s . In e x i s t i n g 
r e l a t e d s t u d i e s of tube f a i lu re that p e r m i t s s t e a m to l e a k into s o d i u m , the 
d e s c r i p t i o n s of the b e h a v i o r of the s o u r c e of the ensu ing d i s t u r b a n c e and of 
the r e s p o n s e of the s t r u c t u r e depend v e r y heav i ly on the p r e s e n c e of an 
i n e r t cove r g a s . 

P l a n s for the s tudy have b e e n deve loped and w o r k h a s begun 
u n d e r a c o n t r a c t wi th the I l l ino is Ins t i tu t e of Techno logy R e s e a r c h I n s t i t u t e . 
In the p r e l i m i n a r y p h a s e of the s tudy , m o d e l s a r e be ing d e v e l o p e d for c a l c u 
la t ing s t e a m - t o - s o d i u m l eak r a t e s and for e s t i m a t i n g r e a c t i o n - p r o d u c t p r o p 
e r t i e s and she l l r e s p o n s e . The in i t i a l e f for t s i nc luded e x a m i n a t i o n of the 
p r o p e r t i e s of s u p e r h e a t e d s t e a m and w a t e r - s t e a m m i x t u r e s in s t a t e s n e i g h 
b o r i n g the s u p e r h e a t e r p r o c e s s c u r v e . The s e l e c t i o n of a g a m m a - l a w 
r e p r e s e n t a t i o n of i s e n t r o p i c b e h a v i o r in the s u p e r h e a t e d v a p o r i s be ing 
s tud ied . I s e n t r o p i c p r o c e s s e s in a w a t e r - s t e a m m i x t u r e can be c h a r a c t e r 
i z e d adequa te ly by a l i n e a r r e l a t i o n b e t w e e n spec i f ic v o l u m e v and the 
r e c i p r o c a l of p r e s s u r e , p " ' , a s shown by 

^-o-uiu-n 
P P0> 

w h e r e the s u b s c r i p t z e r o deno te s a s a t u r a t i o n s t a t e and UQ i s a funct ion of 
en t ropy having the d i m e n s i o n s of ve loc i t y . T h e s e p r o c e s s e s wi l l f o r m the 
b a s i s for e s t i m a t i n g l eak r a t e s as funct ions of r e s e r v o i r p r e s s u r e and b a c k 
p r e s s u r e in the r e a c t i o n - p r o d u c t bubble for v a r i o u s p o s s i b l e l e a k l o c a t i o n s . 
F r o m t h e s e r e s u l t s wi l l c o m e e x p r e s s i o n s for m a s s flow r a t e p e r un i t of 
i d e a l i z e d b r e a k a r e a as a funct ion of c u r r e n t s t e a m - r e s e r v o i r s t a t e and c u r 
r en t r e a c t i o n - p r o d u c t bubble p r e s s u r e . 
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The second phase of the study will include calculating 
react ion-product bubble dynamics, estimating transient loadings on the 
shell and piping from pressure -pu l se propagation in the sodium, analyzing 
the dynamic response of the shell and adjacent tubing, and evaluating the 
p res su re - re l i e f sys tem. 

i- New Subassemblies Design and Experimental Support (E. Hutter) 

Last Reported; ANL-7427, pp. 62-64 (Feb 1968). 

(i) Mark-II Core Development 

(a) Fuel Subassembly. Review of the report on the Mark-II 
driver-fuel design continues. The cost of fabricating hardware for five 
Mark-II in - reac to r experimental irradiation subassemblies have been es t i 
mated. Fabricat ion will begin when the report is approved. 

(ii) Radial Blanket 

(a) EBR-II Reflector Subassembly. The possibility of 
slightly decreasing the dimensions of the hexagonal subassembly is being 
evaluated. A smal ler subassembly would facilitate the outward movement 
of the tops of the subassemblies (flowering effect), thus increasing the nega
tive power coefficients of reactivity. 

The exter ior dimensions of the locating buttons that 
protrude from the hexagonal container near the center of the core will not 
be changed. * 

(iii) Irradiat ion Subassemblies 

(a) Mark-A. A proposed variation of the Mark-A19 i r r a 
diation subassembly would permit experimental ceramic fuels to be i r r a d i 
ated at t empera tu res above those normal for EBR-II. To allow this , as in 
the mixing-type Mark-C subassembly, certain fuel-element positions would 
be converted to bypass flow channels so that the temperature of the sodium 
leaving the subassembly will be no higher than usual . However, because of 
the longer length of the fuel e lements , only a very short (4 in.) mixing space 
would be available in which to combine the ~1200''F sodium from the test fuel 
elements with the -700°F sodium from the bypass channels to achieve the 
nornnal subassembly outlet tempera ture of ~940°F 

In studies of mixing effectiveness, dye has been injected 
into water flowing through fourteen different mixer configurations. Some of 



76 

the conf igura t ions p rov ide good mix ing in a 6- in . l ength . But , a l though 
fu r the r e x p e r i m e n t s a r e p l anned , it does not s e e m l ike ly that eff ic ient m i x 
ing can be ach ieved in a 4 - in . mix ing c h a m b e r without sub jec t ing the s u b 
a s s e m b l y s t r u c t u r e to e x c e s s i v e t h e r m a l s t r e s s e s . 

(b ) M a r k - B . D r a w i n g s have been c o m p l e t e d for m o d i f i c a 
t ions that wi l l al low the M a r k - B 7 i r r a d i a t i o n s u b a s s e m b l y to be u s e d in the 
i n n e r o r ou t e r b lanke t r eg ions of the r e a c t o r , as wel l as in the c o r e . 

(c) M a r k - E . F a b r i c a t i o n has begun on a h y d r a u l i c t e s t 
m o d e l of the M a r k - E " n o n m e l t - t h r o u g h " i r r a d i a t i o n s u b a s s e m b l y . In i t i a l 
t e s t s in a w a t e r loop wi l l check the abi l i ty of the co l l ec t i on d e v i c e s to r e t a i n 
s i m u l a t e d fuel f r a g m e n t s and d e b r i s . 

(d) M a r k - F . Hydrau l i c t e s t s of a M a r k - F 3 7 i r r a d i a t i o n 
s u b a s s e m b l y (see P r o g r e s s Repor t for J a n u a r y 1968, A N L - 7 4 1 9 , p . 65) have 
shown that the p r e d i c t e d capab i l i ty of t h i s s u b a s s e m b l y has b e e n e x c e e d e d 
s l igh t ly . 

j . P r o c e s s C h e m i s t r y (D. W C i s s e l ) * 

L a s t Repor t ed : A N L - 7 4 3 8 , pp. 58-60 ( M a r c h 1968). 

(i) Sodium Coolant Qual i ty and Con t ro l 

(a) P r i m a r y Sodium 

(1) Sampl ing . The p r i m a r y pu r i f i ca t ion s y s t e m was 
out of s e r v i c e for m o s t of the r e p o r t p e r i o d b e c a u s e of d i f f icul t ies in the 
s u r g e - t a n k v a c u u m s y s t e m . All s a m p l e s w e r e t aken wi th the F E R D loop 
sampl ing equ ipmen t . 

(2) Rad ionuc l ides . F ive s a m p l e s of p r i m a r y sod ium 
w e r e ana lyzed by g a m m a s p e c t r o m e t r y for r a d i o n u c l i d e s . The r e s u l t s a r e 
l i s t e d in Tab le I .E .20 . 

TABLE I.£.20. Radionuclides in Primary Sodium 

Sample Dale " 'Cs (iiCi/g) l ' ' ! (uCi/gl ^̂ Na IpCi/g) 

1.9 X 10-2 

swes*'" 
3/2M8'> 
3/30/68 
OT68 
4/6/68 

1.6 X 10-2 
2.6 X 10-2 
1.6 X 10-2 
5.3 X 10-3 
1.6 X 10-2 

2.1 X 10-< 
2.0 X 10-3 

Taken from purification-loop sampler; all others from FERD loop sampler. 
''Taken in Pyrex beakers; all others were in quartz beakers. 

*Erratum: In Table II.E.9, p. 58 of ANL-74;J8, the activity unit of the isotope should be yCi/g. 
not Ci/g. 



(3) Trace Metals. A prinnary sodium sample taken on 
February 23, 1968, was analyzed for t race metal impuri t ies by atomic absorp
tion. The resul ts are listed in Table I E.21 

TABLE I E.21. Trace-meta l Impurit ies in P r imary Sodium 

Metal 

Al 
Bi 
Co 
C r 
Cu 

Concentration 
(ppm) 

3.0 
1.6 

<0.4 
<0 3 

0 4 

Metal 

F e 
Mg 
Mn 
Ni 
Sn 

Concentration 
(ppm) 

2.0 
0.4 

<0.2 
0.9 

19.6 

(4) Tri t ium. Four pr imary sodium samples (current 
and historical) were analyzed for t r i t ium. The resul ts are listed in 
Table I.E 22 

TABLE I.E.22. Tri t ium Concentration 
in P r i m a r y Sodium 

Sample Date 
Tri t ium Concentration 

(pCi/cc) 

3/7/63 
7/?/:5 

11/14/67 

2/b/o8 

<150 
2540 
3340 
1840 
1740 

Trit ium concentrations 
in various plant systems were 
reported in the P rogres s Report 
for December 1967, ANL-2403, 
p 69 

(b) P r imary Argon. A test 
program was initiated to deter
nnine the source of nitrogen in 
the pr imary- tank cover gas. The 
nitrogen concentration was first 
reduced to 1200 ppm by purging 

with fresh argon. Then an attempt was made to associate increases with 
specific plant operat ions. Initial resul ts indicate the source of nitrogen to be 
connected with operation of the fuel-unloading machine. However, further 
testing is required before a definite conclusion can be reached; testing is 
continuing. 

(c) Expanded Capabilities for Sodium Sampling 

(1) P r i m a r y Sodium. The beaker sampler for the 
FERD loop sampling system was successfully tested and was used to sample 
p r imary sodium during an extended shutdown of the p r imary purification 
system. 



k. Experimental Irradiation and Testing (D. W. Cissel) 

Last Reported; ANL-7438, pp. 60-66 (March 1968). 

(i) Experimental Irradiations 

(a) Status of Experiments in EBR-II. The status of ex
perimental irradiations in EBR-II as of April 30, 1968, is shown in 
Table I E 23 

All subassemblies containing encapsulated experi
mental fuel elements were removed from the reactor grid and stored in 
the storage basket in the search for the source of the fission-product 
re leases detected on several occasions during reactor operation (see 
Sect. I .E.l .a) 

After the end of Run 27E, s t ruc tura l -mater ia l s Sub
assemblies X034 and X035 from ORNL were loaded into grid positions 2F1 
and 7B4, respectively. 

Removal of experimental Subassembly XG05 from the 
storage basket was requested by the sponsors (ANL-MET and GE) after an 
accumulation of 12,640 MWd of reactor operation. The capsule in the sub
assembly having the greatest exposure was estimated to have an average 
burnup of approximately 6.9 a/o. After disassembly, the 14 fuel capsules 
were inspected by neutron radiography and weighed. All capsule weights 
compared favorably with the known or estimated preir radiat ion weights. 
Results of the neutron radiography are given in Sect. I E. 1 .k.(ii)(2). 

(b) Status of Irradiation Experinnent Proposals Given Ad
ministrative Approval-in-Principle (AIP). Table I.E.24 summarizes the 
present status of all irradiation experiments which have been given AIP but 
not been inserted in the reactor . 

(c) New Experimental Subassembly Design. Fabrication 
of a prototype of the Mark-F-37 subassembly design, originally requested 
by GE for their fuel-element development program, \vas completed, and flow 
testing has been started by ANL-RE. 

Flow testing continued of mixing devices that might be 
incorporated in a Mark-A subassembly design to permit capsule irradiat ions 
having surface temperatures approaching 1200°F. This investigation for ele
vated capsule-surface- temperature testing is in support of the GE-Group 5 
irradiation 
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TABU I.L23. Strtus of EBR-tl Experimental l r rM i« t»ns 

SufetssffflNy 
IPoinionI 

XCO?* 
(7A1I 

X O B ' 
I7DIJ 

XC«« 
I7BII 

XAOS" 
I4F?I 

X010« 
I7F3 

X O l ? 
UB2I 

x o i s t 
I4A2I 

XO l i 
I4D2I 

X017t 

UC3I 

X018 
I2BII 

XO l l " 
l«D2l 

X02I)' 
(6BM 

XD21 
I2D1I 

X022 
(7C4) 

X025 
UE2I 

X02> 
I7DS> 

XO27H 
UB l l 

X028' 
14031 

I4DI 

X03 I ' 
I6C1I 

X03?l 
I 6 f l l 

X033« 
I5E21 

X034 
I2F1I 

X03S 
| ; B 4 I 

XTO 
I7A4I 

M l 
Cnari|«l 

7n6ft5 

irMi 

7/16/6S 

12/13/6S 

3/24/66 

1/10/66 

11/15/66 

1/13/67 

l l / lS/66 

12/6/66 

1/13/67 

1/13/67 

2/27/67 

2/27/67 

10/10/67 

10/11/67 

11/22/67 

11/22/67 

12/22/67 

11/22/67 

11/22/67 

12/22/67 

4/12/68 

4/12/68 

3/2IV68 

Capsule Content an4 
Number ul Capsules 1 ) 

UOr20 Wo PuO; 
Stainless Dummies 

UO;-20 a/o PuO; 
Stainless Dummies 

UOr20 »/0 PuO; 
Stainless Dummies 

UC-20 rto PuC 
Structure! 

UO;'20 Wo PuO; 
Structural 
Structural 

UOr20 Wo PuO 

U0 r20 Wo PuO; 
U0 r20 Wo PuO; 
UC-20 Wo PuC 
U-F5IMI1-IAI 

Structural 
Structural 

UO2-20 w/o PuO; 
UC-20 Wo PuC 
U-Fs (Mh-1A> 

Structural 
Structural 
Structural 
Structural and tteavy 

Metal Fission Yieli] 
Sample 

U0;-20 Wo PuO; 
IUO.8 PUO.2IC 
Slructurai 
Craptilte 

UOrPuO; 
IU0.8 PUO.2IC 
Structural 
Structural 
Craphite 

Structural 

Structural 

Structural 

Structural 

UOr25 Wo PuO; 
Structural 

U-IS Wo Pu-10 Wo Zr 
U-Fs 

U-fs H * - l l 

UOr25 Wo PuO; 

UO;-25 Wo PuO; 

II*.8PU0.2'C 

Structural 

Structural 

Structural 

( 11 
OS 

1 21 
1171 

1 21 
1171 

la i 
t i l l 

141 
t i l l 
1 41 

1191 

t i l l 
1 21 
141 
1 21 

1 «1 
1101 

1111 
1 31 
1 SI 

1 31 
1 11 
1 21 

1 11 

1 71 
1 31 
1 11 
1 11 

1 01 
1 11 
1 41 
1 21 
1 11 

1 71 

1 71 

1191 

1 71 

i ia i 
1 11 

1151 
141 

on 

1191 

1191 

1191 

1 71 

( 71 

1181 

Experimenter 

(X 

a 

CE 

A M 
A M 

CE 
A M 
PM. 

•UMEC 

MiMEC 
CC 
AM. 
AH. 

AW 
CE 

NUMEC 
UNC 
AM. 

CE 
PM. 
AM. 

A M 

CE 
UNC 
PM. 
P M 

CE 
UNC 
PM 
A M 
P M 

PM. 

PM » 

CE 

NRL 

CE 
P M 

AM. 
AM. 

AH 

PM. 

PM. 

UNC 

OHM 

0PM 

AM 

JtctunulateO Exposure 
I M M i a / l l M B a 

MJU 

um 

urn 

• i n 

wn 

? * » 

M M 

M » 

»» 

am 

411B 

4 . 1 « 

M » 

4.459 

2M1 

UU 

Ifti 

UM 

UU 

UB 

UM 

m 

B 

» 
MM 

Estlmatatf Goal 
Exposure IMVMi 

11,70 

lUDO 

ojm 

njn 

njm 

mm 

lUH 

'/m 

urn 

turn 

ij» 

UB 

lUB 

vm 

ijm 

vm 

13m 

«JB 

IlHI 

tM 

lua 

HLOB 

U.90 

a m 

vm 

'Accumulated exposure during April M S S87 MWd lor the sutasMmblies that stiyed in ttte reKfeir. 
(•Removed to tHSket in Merch. 
CRtmoved to basket at end o( Run Z7D. 
dRemovad to basket at end of Run Z7E. 
•Removad to basket at end ol Run 27F. 
'Removed to basket at end or Run ?7G. 
^Includes 34 MWd Irom Marcti IMS. 
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Sponsor 

BMl 

GE 

INC 

LASL 

NRL 

ORNL 

PNL 

UNC 

W 

TABLE I.E.24, Status of Experiments with AIP 

Material of Test 

Oxide fuel, Group 0-3 
Carbide fuel, Group C-5 
Oxide fuel, (unencapl 

Safety Program 
Mark-II fuel (unencapl 
Mark-II fuel (encap)C 
Metal fuel. M-4 
Structural, Group S-9 
Tritium yield 
Magnetic materials 

Nitride fuels 

Oxide fuel. Group 8-B 
Oxide fuel (unencap), Group 3 
Oxide fuel, Group 7 
FOR Structural Group L-15 
Oxide fuel (unencapl, Group 9A 
Oxide fuel (unencapl, Group 5 

Structural materials, Fatigue No. 1 
Structural materials, Fatigue No. 2 

Oxide insulators 
Carbide fuels 

Structural materials 

Oxide insulators 

Oxide fuel (unencap) 
("low" power) 

Oxide fuel (unencap) 
("normal" power) 

Oxide fuel (unencap) 
("fiigfi" power) 

Graphite materials 
Tfiermocouple materials 

Oxide fuel. Group X 

Carbide fuel (129-147) 
Carbide fuel (fiigfi power) 

Carbide fuel (+V-alloyl 
Carbide fuel (+V-alloy) 

No. Caps. 

Suggested 
Reactor 

Rowa 

Estimated Date 
for Delivery 

to Idaho Site 

19 
19 

19 
455 
25 
19 
19 

7 

8 

19 
16 
4 
4 

37 
16 

7 
7 

7 
1 
6 

7 

7 

37 

37 

37 
7 
5 
2 
5 

19 
6 

2 
9 

3 
2 

4 
Core 

4 
3 
4 
7 
7 

7 

7 
4 
4 
2 
4 

7 
7 

8 
2 
3 

7 

8 

3 

4 

3 
7 
4 
4 
3 

7 
3 

3 
4 

9/22/67 
9/22/67 

9/6/66 
9/22/67 
6/3/67 
2/13/68 
9/22/67 
6/8/67 
6/8/67 

2/13/68 

6/7/67 
9/6/66 
9/2/66 
1/4/68 
1/20/67 
1/20/67 

6/6/67 
9/21/67 

6/6/67 
2/27/67 

9/6(67 

9/21/67 

9/21/67 

9/21/67 

9/21/67 
7/31/67 
7/31/67 
7/31/67 
3/4/68 

6/6/67 
1/20/67 

9121/67 
9/21/67 

12/68 
1/69 

6ia*> 
6/68 
5/68 
6/68 
6/68 

Cancelled 
7/68 

6/68 

368" 
6/67l> 
2/6811 

II/67I1 
6/68 
7/68 

3/68" 
4/68" III 

10/68 

7/68 

6/68 

7/68 

8/68 
Indefinite 

7/68 
2/68" 
3168" 

7/68 
7/68 

6/68 
Indefinite 

^Based upon fission rates at a reactor power of 45 /VlWt. 
fiDate received. 
''Replacements for capsules of same type wtiose irradiation is nearing completion (e.g., Subassembly X029I. 

(d) Other Work 

(1) Subassembly Flow Tests . The following experi
mental irradiation subassemblies have been flow tested: X900, Mark-B-
37-type with pressurized-tube caus t ic -s t ress -cor ros ion capsules; X034 
and X035, Mark-B-7-type with mater ia ls irradiation capsules from ORNL; 
X036, a Mark-A-type containing encapsulated mixed-oxide fuel elements 
from GE; and X037 and X038, Mark-B-7-type with mater ia ls irradiation 
capsules from Idaho Nuclear Corporation (INC). 
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(2) Equil ibration-Internal Friction Techniques for 
Analysis of Oxygen in Sodium. The prototype driver subassembly for the 
study of the equil ibrat ion-internal friction technique for analysis of oxygen 
in sodium was flow tested with mockup experimental capsules installed in 
the subassembly outlet. No significant change in subassembly flow rate was 
measured . 

(3) XO40 Unencapsulated Mixed-oxide Irradiation Sub
assembly. The s teady-state temperature distribution for experimental Sub
assembly XO40 was calculated with the HECTIC II code. 

(4) Miscellaneous. Temperature distributions were 
calculated with the HECTIC II code for experimental Subassembly XOZ9 in 
5E4 and 4N1 for 50-MW reactor operation. 

(ii) Nondestructive Testing 

(a) Capsule Examination. Five Mark-A-19 experimental 
mixed-oxide fuel capsules from PNL successfully passed final examination 
by X ray. The capsules are intended for inclusion in the reconstructed ex
perimental Subassembly XOl l , which will be renumbered X039. LASL 
returned one fueled capsule (No. 42B), which passed final examination by 
X ray and is also to be placed in experimental Subassembly X039. 

INC delivered seven Mark-B-7 structural-type capsules 
for i rradiat ion in experimental Subassembly X038. All capsules passed final 
X-ray inspection. 

« 
(b) Neutron Radiography. The 14 fueled capsules removed 

from experimental Subassembly XG05 were t ransfer red to TREAT for neu
tron radiographs. One of the nine GE mixed-oxide capsules contained a 
failed element (Capsule F20) which showed evidence of melting and probable 
penetration of the inner cladding wall. 

The three ANL mixed-carbide capsules appeared in 
good condition. However, ANL Capsule ND-24, one of the two te rnary-al loy 
capsules (U-15 w/o Pu- 10 w/o Zr) , showed fuel separation at three axial 
locations. The largest separation measured about 1/4 in. and was located 
at the center of the fuel column. The other two separat ions were just visible, 
and occurred about Z and 4 in., respectively, above the largest separat ion. 
The fuel column in the other te rnary capsule, NC-17, revealed axial fuel 
swelling which had forced fuel up around the bottom of the r e s t r a ine r . 

(c) Antimony-Beryllium Neutron Source for Neutron 
Radiography in FCF . Two experimental capsules containing metall ic fuel, 
the top adapter of an EBR-II subassembly, and a cadmium penet rometer 
were radiographed with the use of the antimony-beryll ium source . After 
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several t r ials with poor resul ts , attempts to radiograph the top adapter were 
abandoned. The parallax resulting from using short distances between the 
source block and the adapter resulted in pictures that lacked definition. In
creasing the distance required excessive time to activate the dysprosium 
foils. 

Efforts were directed toward optimizing collimator 
size to obtain the best resul ts with fueled capsules as subjects. Neutron 
collimators with sizes of Z by 2, \\ by l | , 1 by 2, and 1 by 1 in. were used 
to evaluate two foil exposure t imes, one of 7 and the other of 17 hr . There 
seemed to be little or no advantage in the longer exposure since the dyspro
sium foils approached equilibrium activation during the 7-hr exposure. The 
definition on the film is best with the smallest coll imator, but at the sac r i 
fice of film image density. 

The \\- by l | - i n . collimator and 0 0 1-in.-thick dyspro
sium foils were chosen as the best compromise. The front side of the foil 
produced a better film exposure than the back; however, exposure from the 
back side was of usable quality. 

As a final test , the capsules and dysprosium foil were 
moved closer to the source for a Z\-\vi: exposure. After neutron irradiat ion, 
the foil overexposed "medical no screen" film while not completely exposing 
type "AA" film. This shows the possibility of significantly reducing the neu
tron exposure time for certain applications if the larger film grain size of 
the "medical no screen" film can be accepted. The beryllium source block 
is ready to be moved to the FCF mockup area for dry-run testing of the com
plete radiography system. 

(iii) Handling and Examination 

(a) Irradiated Capsules from Experimental Subassem-
bly XOl l . The ANL-MET Capsule SOV-3, previously in experimental Sub-
assembly XOll , was returned to Idaho for reinsert ion in the reactor in 
experimental Subassembly X039, which is also to contain other capsules 
from XOll . Neutron radiography confirmed that the sodium bond level in 
Capsule SOV-3 was the same as when removed from the reactor . 

(b) Testing of Subassembly Sodium-removal Procedure 

(1) Cyclical Testing of Stressed Capsules of Type 304 
Stainless Steel. Experimental Subassembly X900, containing the p r e s s u r e -
s t ressed tubing samples, was loaded into grid position 7A4 for a goal expo
sure of about 2700 MWd. This is the start of the fifth (and last) residence 
in the pr imary sodium, to be followed by normal cleaning procedures . The 
first four cycles did not involve neutron exposure during soaking in p r imary 
sodium. 
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(iv) Safety Review of Experiments . The EBR-II Irradiations 
Review Committee (IRC) acted on the following experiments . 

(1) Experimental Subassemblies X037 and X038, both con
taining fatigue specimens of s t ructural mater ia l s from INC, were recom
mended for reactor safety and operational approval. 

(2) After reviewing with exper imenters the weld design 
for experimental capsules , the IRC recomnnended that the meltdown flange 
on the capsule end fixtures be increased in width to 0.030 + 0.002 in. 

1. FCF P roces s Analysis and Testing (M. J. Feldman) 

Last Reported: ANL-7438, p. 67 (March 1968). 

(i) Test and Analytical Methods. Installation of hollow cathode 
lamp sources , a burner , and an optical system in the Junior Caves has been 
completed. After calibration, this equipment will permit determination of 
Mo, Ru, Rh, Pd, Fe , and Ni in "hot" fuel samples by atomic absorption. 
Optical alignment of the system has been completed, and calibration work is 
under way. Atomic absorption analysis of "hot" fuel will reduce the wet 
chemistry manipulations presently required for analysis of i rradiated fuel. 

The equipnnent required for foil exposure and t ransport for 
neutron radiography has been received from the vendor and is undergoing 
mechanical acceptability tes ts in the mockup facility. 

m. FCF Equipment Improvement (M J. Feldman) 

Last Reported: ANL-7427, p. 76 (Feb 1968). 

(i) Process ing Equipment The experimental capsules which 
are removed from EBR-II for surveil lance nnust be rebonded prior to r e 
insertion in the reac tor . The bonding technique must provide steady forces 
so that the fuel will not be subjected to damage from impact or vibration. 
Pre l iminary theoretical investigations showed that electromagnetic forces 
could be utilized to remove sodium voids while not subjecting the fuel to any 
shock. Feasibil i ty tes ts of prototype equipment will be made. 

(ii) Auxiliary Equipment. The design of the in-cask subassennbly 
grapple is essential ly complete. 

(iii) Repair and Decontamination. Detail designing for the 
equipment-decontamination facility is being undertaken. Bids for the 
manipulator-decontajnination facility are being evaluated. 
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n. FCF Experimental Support--Hot Fuel Examination Facility 
(HFEF)--Feasibil i ty and Cost Study (N. J. Swanson) 

Last Reported: ANL-7438, p. 67 (March 1968). 

A meetmg was held with Pacific Northwest Laboratory person
nel to compare the features of HFEF with those of the F F T F iner t -gas -ce l l 
examination facility, as requested by DRDT. A plan was developed to en
able the two projects to take advantage of each other ' s efforts in common 
a reas . The basic differences in the two projects and the reasons for these 
differences were defined for DRDT. 

Work continued toward the establishment of the H F E F / F C F 
interfaces. A transmittal to DRDT defined the projected overall long-range 
examination capabilities at the EBR-II Site, including the provisions at 
HFEF, FCF, and the Plutonium Chemistry Cells. This t ransmit ta l included 
also a summary of the functional pr ior i t ies presented to the project by 
prospective u s e r s . 

The pr imary factors involved with site selection have been dis
cussed and are to be reviewed. 

New approaches to the facility layout were taken. A concept in 
which the alpha-clean cell is provided in the basement rather than the first 
floor area appears quite attractive. Other major efforts include investiga
tions of concepts for transfer penetrations and remote mater ia l s handling. 

o. Reactor Improvements, Nuclear Instrument Test Facility 
Study (B. C. Cerutti) 

Last Reported: ANL-7438, p. 68 (March 1968). 

Gamma-flux mapping of the thimble for the instrument test 
facility was performed at a reactor power level of 45 MWt. A plot of the 
gamma flux is shown in Fig. I.E. 11. 

Following the gamma-flux mapping, the gamma detector was 
removed and replaced by a fission detector. A test run was made to deter
mine the detector position where saturation of the counting equipnnent 
occurred. Saturation (10^ cps) occurred at 9 ft above the core centerline 
with the reactor operating at 45 MWt. The flux level at this position in the 
thimble was approximately 2.5 x 10^ n /cm^-sec . 

Circuit design has been completed for removal of the thimble-
temperature signal from the reactor protective circuit . 
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Fig. I.E.11. Gamma-flux Plot 

Feasibility Study of Fuel Failure Detection--Chemical and 
Mechanical Methods 

Last Reported: ANL-7438, pp. 6,8-70 (March 1968). 

(i) Trace Elements Analytical Techniques (C. E. Crouthamel) 

The technique devised for placing tagged elements in the 
fuel (see P rog re s s Report for October 1967, ANL-7391, p. 106) is planned 
principally for metal fuels having a sodium bond between the fuel and the 
cladding. A shift in emphasis to other fuels (e.g., oxide or carbide) would 
probably require a change in the method of placement of the tag in the fuel. 
A complementary technique that is being evaluated, but which is somewhat 
outside the scope of the task as originally defined, would use fuel-element 
tags consisting of various mixtures of the five light xenon isotopes, namely, 
'^*Xe, ' " X e , ' " X e , '^'Xe, and '^°Xe, in unique ratios of isotopic composition 
(none of these isotopes are produced in fission in significant yields). Xenon 
that is highly enriched in the light isotopes is commercially available from 
Mound Laboratory; the isotopic composition of the mixture is given in 
Table I.E.25. It is anticipated that by the use of this isotopic mixture, in 
combination with varying amounts of isotopically pure ^ Xe (prepared by 
irradiation of iodine), many unique tags could be devised (perhaps as 
many as 100). Depending on the quantity of pure '^'Xe added, the measu re 
ment of either the ' " X e / ' " X e or the ' " X e / ' " X e ratio would serve to 
identify a specific tag. 
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T A B L E I . E . 2 5 . I so top ic C o m p o s i t i o n of Xenon 
E n r i c h e d in Light I so topes 

Xe Mass 

124 
126 
1Z8 

129 
130 

No. Abundance 

12.0 
4.5 
17.4 
59.0 
2.3 

(a/o) Xe Mass 

131 
132 
134 
136 

No. Abundance 

Z.8 
1.4 
0.3 
0.2 

(a/o) 

Other advan tages of the u s e of xenon in s u c h an app l i ca t ion 
include the following: 

(a) R e l e a s e of the xenon gas tag to the a r g o n - g a s b l anke t 
over the p r i m a r y sod ium coolant would not r e s u l t in c h e m i c a l r e a c t i o n . 
T h e r e is e x p e r i e n c e to ind ica te tha t gas r e l e a s e is r e l a t i v e l y c e r t a i n for a 
c ladding f a i lu re at any pin loca t ion . 

(b) A gas s a m p l e is the e a s i e s t type of s a m p l e to handle 
by au toma ted equ ipmen t . In addi t ion, e x t r e m e l y s m a l l v o l u m e s of xenon can 
be s e p a r a t e d f rom l a r g e v o l u m e s of a r g o n by a d s o r p t i o n on M o l e c u l a r S ieves 
in r e m o t e l y o p e r a t e d e q u i p m e n t . 

(c) The e n t i r e a r g o n b lanke t can be con t inuous ly p u r g e d of 
xenon (by adso rp t i on on M o l e c u l a r S ieves ) so that the i so top ic t ags can be 
u s e d r e p e a t e d l y . 

The xenon i so top ic r a t i o s would be d e t e r m i n e d wi th a m a s s 
s p e c t r o m e t e r . The a n a l y s e s could be ob ta ined wi th a p r o g r a m m e d d a t a -
accumula t i on s y s t e m , such as one p r e s e n t l y in u s e in the C h e m i s t r y Div is ion . 
F o r a c o n c e n t r a t i o n of xenon of 1 cmV^OOO ft^ of a r g o n (1 p a r t in 2.8 x lO') , 
it m a y be p o s s i b l e to ana lyze the a r g o n d i r e c t l y wi thout b a t c h s a m p l i n g and 
s e p a r a t i o n of the xenon. 

The t i m e s r e q u i r e d for a n a l y s e s would of c o u r s e , v a r y with 
the r e s p e c t i v e c o n c e n t r a t i o n l e v e l s of the i s o t o p e s . A n a l y s i s t i m e ( f rom the 
t ime of s ampl ing to the t i m e of da ta d i sp lay) could be l e s s than one hour in a 
fully au toma ted s y s t e m , but migh t be s e v e r a l h o u r s in a m a n u a l o p e r a t i o n . 
T h e s e e s t i m a t e s do not inc lude the t i m e that migh t be r e q u i r e d for s e p a r a t i o n 
of xenon f rom a rgon . 

(ii) Tag Conf i rma t ion Study (F . A. Ca fa s so ) 

Des ign of the e x p e r i m e n t a l loop for eva lua t ing the c h e m i c a l 
s t ab i l i ty of t ags in c i r c u l a t i n g s o d i u m c o n t i n u e s . The s t a i n l e s s s t ee l piping 
to be u s e d in the c o n s t r u c t i o n is be ing t e s t e d for wa l l i m p e r f e c t i o n s by non
d e s t r u c t i v e m e t h o d s . F a b r i c a t i o n of a d r a i n tank for the loop has s t a r t e d . 
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Samples of the flowing sodium are to be taken from a stain
less steel r e se rvo i r . To anticipate possible problems with sampling and 
gas entrainment, due to the flow and mixing behavior in this rese rvo i r , the 
circulation of a dye in water (whose density and viscosity approximates 
those of sodium) was observed in a s imilar reservoi r made of g lass . Good 
mixing at low flow rates (-2 gal /min) and negligible vortexing at high flow 
rates (up to ~8.5 gal /min) were observed, which indicate that the design of 
the loop-sampling rese rvo i r is adequate. 

(iii) Mechanical Fai led-Fuel Locator (E. Hutter) 

About 20% of the detail drawings for the prototype failed-
fuel locator have been prepared . Layout drawings for the prototype test rig 
also are being prepared . Procurement of an electromagnetic pump for sodi
unn flow has been deferred pending a decision to use a centrifugal sodium 
pump that is available. 

The feasibility of using the test rig to test both the model 
failed-fuel locator and the prototype is being studied. 

q. EBR-II Materials-Coolant Compatibility (J. E. Draley) 

Last Reported: ANL-7438, pp. 70-71 (March 1968). 

Assembly and inspection of nnany drawings and some contacts 
with manufacturers have nnade possible the compilation of a complete list 
of mater ia l s exposed to the prinnary sodium in EBR-II 

« 
Of the m a t e r i a l s d i r e c t l y e x p o s e d to l iquid s o d i u m in the p r i m a r y 

s y s t e m ( see T a b l e I . E . 2 6 ) , A m p c o 18-13 and 18-23 ( a l u m i n u m b r o n z e ) , n i c k e l , 
and the n i c k e l - b a s e a l l oys C o l m o n o y 4, C o l m o n o y 5, I ncone l , Incone l X, and 
Monel m a y be c o n s i d e r e d of p o t e n t i a l c o n c e r n wi th r e s p e c t to f a i l u r e s tha t a r e 
r e l a t e d to m a t e r i a l d i s s o l u t i o n . The b e h a v i o r of a l u m i n u m b r o n z e and 
Incone l X e x p o s e d in SURV-I ( see P r o g r e s s R e p o r t for N o v e m b e r 1967, 
A N L - 7 3 9 9 , pp . 8 8 - 8 9 ) at ~700' 'F i n d i c a t e s that t h e s e m a t e r i a l s (and p r o b a b l y 
the o t h e r n i c k e l a l l o y s , e x c e p t Mone l ) do not p r e s e n t a p r o b l e m . H o w e v e r , 
s o m e c o m p o n e n t s of a l u m i n u m b r o n z e and Incone l X a r e in s e r v i c e at - 9 0 0 ° F . 

Mone l and u n a l l o y e d n i c k e l a r e e x p o s e d to s o d i u m at ~700°F as 
p u m p b u s b a r s . T h e s e b a r s a r e not e a s y to i n s p e c t as they a r e in l o c a t i o n s 
c o m p a r a b l e to the c o p p e r b u s b a r s tha t w e r e a p r o b l e m in the p a s t . * M o n e l 
m a y be s u s p e c t b e c a u s e of the r e l a t i v e l y h igh c o p p e r con ten t (~30%), but t h e r e 
h a s b e e n no e v i d e n c e of f a i l u r e o r nnal funct ion. D a t a o b t a i n e d at 1200°F ( see 
P r o g r e s s R e p o r t for S e p t e m b e r 1967, A N L - 7 3 8 2 , pp . 83 -86 ) s u g g e s t s tha t the 
n i c k e l b u s b a r shou ld p e r f o r m s a t i s f a c t o r i l y . T h e r e h a s b e e n no i n d i c a t i o n of 
f a i l u r e o r m a l f u n c t i o n . 

"Copper from bus bars of this type dissolved into the primary coolant of EBR-II. 
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TABLE I.E.26. Materials Directly Exposed to EBR-II P r i m a r y Sodium 

Material 
Approximate Service 

Temperature (°F) 

Ampco 18-13 Aluminum Bronze 
Ampco 18-23 Aluminum Bronze 
Borated (3%) Stainless Steel 

(probably Type 304) 
Carbon Steel ASTM 325-55T 
Chromium-plated 304, 410 and 420 SS 
Colmonoy 4 and 5 
Inconel 
Inconel X 
Mild Steel 
Monel 
Nickel 
Stainless Steels; 303, 304, 316, 321, 347 
Stainless Steels; 410 and 420 
Steel (unspecified) 
Steel, Type 1020 (hot-rolled) 
Steel, SAE 4340 
Stellites; Nos. 3 and 6 
Tool Steels, Types 18-4-1 or 2, 

Rex AA, and AISI TI 

700, 800-850, 900 
700 

700 
700 

700 and 900 
900 
700 
700 
700 
700 
700 

300 to -1000 
700 and 900 

700 
700 
700 

700 and 900 

700 and 900 

Of perhaps most potential concern are the various "mechanical" 
components fabricated with ferrous alloys of relatively high carbon content, 
i.e., tool steel. These mater ia ls were chosen because of necessary mechani
cal propert ies such as hardness and/or strength. The relatively high car
bon concentrations are necessary to achieve the required proper t ies . It is 
possible that carbon has been transferr ing to other ma te r i a l s , part icularly 
Type 304 stainless steel; this transfer may result in impairment of function 
of the high-carbon mater ia l s . 

This possibility has led to plans to examine some of the high-
carbon steel parts to check for loss of strength and hardness . Detailed plans 
have not yet been completed. 

Many pr imary system mate r ia l s , some of which may not be 
resistant to sodium, are contained within Type 304 stainless steel cladding. 
They are listed in Table I.E.27. Failure of at least some of the components 
that contain these mater ia ls may be detectable by analysis of the sodium. 
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TABLE I.E.27. Materials Exposed as Clad 
to EBR-II P r i m a r y Sodium^ 

Material Connponent 

Aluminum alloys 1100, 3003, 
6061, 6063 

Alumina 

Boral 

Borated graphite 

Carbon steel 

Chromel-Alumel 

Copper 

Formica 

Glass braid 

Graphite 

Lavite 

Lead 

Magnesia 

Mica 

Mild steel 

Nylon 

Oxalloy 28^ 

NaK 

1020 steel 

U r anium 

Zirconium hydride 

Instrument thimbles 

Instrument thimbles, heat exchanger 
thermocouples 

Instrument thimbles 

Neutron shielding 

Reactor vessel cover lift mechanism and 
a flowmeter 

Heat exchanger thermocouple 

Pump bus bar 

Pump bus bar 

Level control 

Neutron shielding 

Pump 

Instrument thimbles 

Flowmeter 

Pump 

Shield plug 

Instrument thinnbles 

Level indicator 

P r e s s u r e t ransducers and shutdown 
cooling plug 

Magnet 

FUM-Mark-III gripper 

Instrument thimble 

All ma te r i a l s except copper and formica at ~700°F; copper and 
thermocouples at ~850°F; formica at 400 to 500°F. 

°Copper conductor sheathed in Type 430 stainless s teel . 
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2. Operat ions--Reactor Plant 

Last Reported: ANL-7438, pp. 72-76 (March 1968). 

The reactor was operated for 587 MWdt in Runs 27D through 27H 
during April. Throughout the month the pr imary aim was to identify the 
source of fission-gas leakage from the core (see Sect. I .E . l .a ) . Suspected 
experimental subassemblies were removed from the core in four lots as 
leakage recur red . The last lot removed included the last of the fueled ex
perimental subassemblies in the core, and further operation for 148 MWdt 
in Run 27H produced no further leakage by the end of the month The cumu
lated total of EBR-II operation is 16,704 MWdt. 

After startup for Run 27D on March 30, the power-react ivi ty decre
ment (PRD) was measured to be 44 Ih at 45 MWt with the control rods banked 
at 11.00 in. [see Sect. I.E . 1 .a.(i)(h)]. Reactor operation was normal until 
April 6, when a fission-gas release occurred and the reactor was shut down. 
The release was indicated on the fission gas monitor (FGM) when recorded 
gas activity increased by a factor of 20. Radiometric analysis of the 
primary-tank gas blanket showed '•'^Xe and '^^Xe activities to have increased 
by factors greater than 10. When the pr imary pumps were shut down 
another release occurred, probably because of the decreased p re s su re in 
the core. No airborne contamination developed in the reactor building dur
ing or after the re lease . 

Experimental Subassemblies X012, X015, and X017, and the special 
driver subassembly (C-2138) containing nineteen 70% enriched pins were 
removed from the reactor , and reactivity adjustments were made as required. 

After startup for Run 27E, while reactor power was being leveled 
at 30 MWt, a scram occurred which was initiated by a low clutch-reference 
voltage for pr imary pump No. 2. The voltage regulator for the pump-control 
circuit was changed, since it was the most suspected component in the con
trol circuit. Following reactor r es ta r t , however, a s imilar s c ram occurred, 
and further checkout of the control system revealed an intermittent short 
in the clutch-reference voltage circuit . A defective wire was replaced, and 
pump operation since that time has been normal . This pump problem was 
not related to the one reported last month (see ANL-7438, p. 73), since the 
present circuit involved was part of the modified brake-control circuit which 
had just been installed. 

Following res ta r t of the reactor on April 9, the PRD was measured 
to be 46.7 Ih at 45 MWt with the control rods banked at 11.25 in. A spurious 
scram on April 12 provided the opportunity to reduce flow in the pr imary 
system in an attempt to induce a fission-gas re lease . Flow was reduced to 
about 23% for 10 min and then raised to 100%. Gas samples taken before and 
after the flow reduction indicated a small , gas-type fission-product r e l ease . 
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This re lease was not readily evident by observation of the FGM. Four ex
per imental subassennblies: X019, XO20, X027, and X032, were removed 
from the reactor as suspected l eakers , and s t ructural experiments X034 
and X035 were installed for i r radiat ion. 

Following the s tar t of Run 27F on April 15, the PRD was measured 
to be 37.7 Ih at 45 MWt with the control rods banked at 12.25 in. Another 
fission-gas re lease was induced on April 16 by reducing flow, following a 
scrann caused by the inadvertent grounding of the output signal fronn a 
prinnary flowmeter. The six remaining ceramic-fueled experimental sub
assemblies were then removed from the core . 

Criticality for Run 27G was achieved on April 17, and the PRD was 
measured to be 42 Ih at 45 MWt with the control rods banked at 1 1.00 in. 
Reactor operation continued until April 19, when a very slight increase in 
signal was seen on the FGM recorder . A pr imary- tank cover-gas sannple 
was taken immediately, and just as radiometr ic analysis was completed, 
the FGM began indicating a definite increase in radioactivity in the cover 
gas . The analysis confirmed a f ission-gas release and the reactor was 
immediately shut down. Surveillance of gas samples and of the FGM con
tinued for almost an hour after shutdown, and the FGM indication, after in
creasing from 11 to 15 cps, stabilized at the higher level. P r imary pumps 
were then shut down for about 20 min, leaving only the 6% pr imary flow 
from the auxiliary EM pump, and no further release was observed. Shortly 
after the main pumps were res ta r ted , the FGM signal began to increase and 
ultimately reached 350 cps. "^Xe and "^Xe activities reflected sinnilar 
large inc reases , and the reactor-building air activity temporar i ly increased. 
The two remaining experimental subassemblies, X028 and X029, were r e 
moved, and appropriate reactivity adjustments were made. A snnall gas 
re lease was noted when X028 was raised from the core . 

Reactor startup for Run 27H on April 25 was followed by about 24 hr 
of operation at 500 kWt and 10 hr of operation at 5 MWt, then by a shutdown 
of reactor and p r imary pumps to check for a fission-gas re lease . None was 
detected, and the reactor power was raised normally to 45 MWt early on 
April 28. Operation continued without incident through the end of the month. 
Table I.E.28 sumnnarizes the loading changes in EBR-II during April. 

3. Opera t ions- -Fue l Cycle Facili ty (M. J. Feldman) 

Last Reported: ANL-7438, pp. 76-82 (March 1968). 

a. Hot Line Operation. Additional runs were made to produce 70% 
enriched fissium elements for use in experimental p rog rams . Chopped pins 
of 70% enriched fissium were blended by melting with a uranium-2 w/o s i l i 
con alloy to increase the silicon content of the fissium to the 300-500 ppm 
range. The resultant alloy was then processed into acceptable e lements . 
Table I.E.29 summar izes the production activities for the report period. 
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TABLE I.E.28. Loading Changes in EBR-II during April 1966 

Date 

4 /6 

4 / 7 

4/12 

4/13 

4/17 

4/20 

Grid 
Position 

6A1 

6B1 

4B2 

4A2 

4C3 

4B1 

6F4 

2F1 

6D2 

6B5 

4B3 

6F1 

7B4 

7F3 

7A1 

7D1 

7B1 

5B2 

6C1 

6C5 

6D1 

6C1 

4D3 

4E3 

Removed 

B-372 

B-373 

X012 

X015 

X017 

C-2138 

B-371 

C-2009 

XOI9 

XO20 

X027 

X032 

A-813 

XOIO 

XG02 

XG03 

XG04 

X033 

X031 

B-363 

B-374 

B-385 

X028 

XO29 

Installec 

A-739 

A-773 

C-2070" 

C-2060 

C-2066^ 

C-2065 

A-798 

X034 

B-371 

B-373 

C-2009 

A-789 

X035 

A-813 " 

A-748 

A-735 

A-799 

C-2067 

B-385 , 

A-723 

A-785 

A-787 

C-2068~ 

C-2071^ 

^ Comment 

Removed because of sus
pected leakage 

70% enriched irradiat ion 
completed 

Removed because of sus
pected leakage 

Removed because of sus
pected leakage 

Removed because of sus
pected leakage 

A--Depleted-uranium inner-blanket subassembly; 
B--Row-6-type driver-fuel subassembly; 
C--Driver-fuel subassembly; 
X--Experimental subassembly. 



93 

TABLf r.L29. Production Summiry tor Hot U n i 

4Mt througA 
4/3(M8 

1. Subissemblies received: 
Core, Control, Safety 
Other 

2. SutMSSemblies Dismantled (Tor processing) 

3. Subassemblies Dismantled (for examination, etc I 

4. Subassemblies Fabricated 

5. Subassemblies Transferred to Reactor: 
Subassemblies Stored in LtO Vault and Interbuilding Corridor 

6. Elements Oecanned 

From Irradiated SubassemNies 
Rejects 

Other 

Total Decanned 

7. Number ot Runs 

8. Average Pour Yield, % 

1968 to Date (Total) 

9. Injection-casting Runs fTotal Number) 

10. Elements Processed 

Accepted 

Rejected 

11. Elements Welded: 
Rewelded 

12. Elements Leak-tested: 

Accepted 

Rejected 

13. Elements Bonded (including recycle! 

14. Elements Bond-tested: 

Aaepted 

Rejected 

15. Elements to Surveillance 

Number of Subassemblies 

16. Cans lo Burial Ground 

17. Oxide and Glass Scrap to ICPP 

inq Corridor 

Melt Rdmlng 

Processing 

Waste Sttiprnents 

I rndl l le i l 

Fuel 

2 

% 

N 

1 

a 
1 

s 

• 

m 
m 
J ! 
a 

Recycle 
•Merial 

1 

0.7 
1 

wa ttinugti 
3I31/6B 

4 

3B 

in 

SI 
0 

at 

m 
a 

4 

10 

0 

41 
« 

44 

S 

u 
V 
0 

;,6Si 

m 
161 

).0I7 

ill 

0 

1 

Total 
nils Vear 

» 

Z32 

i.on 
0 

1.131 

u 
i.ro 

IJOt 

n 

I t 

u 

Construction of a truck lock and of the second-story addition 
to the FCF office building has s tar ted. The truck lock will provide a 
ventilation b a r r i e r for loading and unloading casks from t rucks , and an 
area for decontaminating truck beds and casks . 

b. Cold Line Operation. Normal productive operations were con
ducted throughout the month. A summary of the month's production data 
is given in Table I.E.30. 



94 

TABLE I.E.30. Production Summary lor Cold Line 

4/1/68 through 4/30/68 Total This Year 

1. Alloy Preparation Run: 
New Fuel 
Remelts 

Total 

2. Injection-casting Runs 

3. Pins Processed: 
Accepted 
Rejected 

4. Elements Welded 
Elements Rewelded 

5. Elements Leak-tested: 
Accepted 
Rejected 

6. Elements Bond-tested: 
Accepted 
Rejected 

7. Subassemblies Fabricated 

8. Subassemblies Sent to Reactor 

1,020 
45 

980 
1 

580 
0 

670 
40 

6 
19 
25 

3,675 
205 

2,533 
14 

2,644 
40 

2,722* 
170 

^Total corrected. In Table II.E.17, p. 77, ANL-7348, should have been 2,052 rather than 4,116. 

c. Maintenance and Repair. One of the two remotely operated 
cranes in the argon cell became inoperative as a result of the failure of 
the drive motors for the trolley and hoist. Tests were conducted remotely 
in an attempt to remedy the situation or aid in defining the cause of the 
failure. These tests were not successful, and the trolley has been removed 
from the shielded cells for further tests and repair . The crane hook was 
all the way down (floor level) at the time of failure; consequently, it was 
necessary to remove the block and hook before removing the trolley fronn 
the bridge. Design work is underway on an unshielded crane trolley which 
can be used as required as a temporary replacement. 

The spare carriage for the operating manipulators was r e 
ceived from the vendor and is undergoing preoperational tests in the mock-
up facility. This use of the carriage will allow routine removal of all the 
carriages for maintenance without reducing the capabilities of in-cel l 
operations . 

d. Analyses 

(i) Cheinical Analyses. The numbers of fuel product analyses 
on hot-line, cold-line, and vendor fuel samples, together with the average 
values and ranges, are tabulated below; 



95 

An all (Tzed f o r 

U ( total and i s o t o p i c ) 
U (1 to ta l ) 
"^U (% of t o t a l 
P u 
P u 
Mo 
Ru 
Rh 
P d 
Z r 
Nb 
F e 
Al 
Si 
Ni 
Cr 
C 

( tota l 
( total) 

U) 
and i s o t o p i c ) 

N u m b e r 

23 

21 
5 

27 
15 
15 
20 
20 
14 
27 

8 
53 
11 
12 
11 

A v e r a g e Value 

94 .66 w / o 
52.12 w / o 

1270 Mg/g 
2.48 w / o 
1.97 w / o 
0 .273 w / o 
0.189 w / o 
0.080 w / o 
0.014 w / o 
4 50 p p m 
140 p p m 
435 p p m 
142 p p m 

< 2 3 p p m 
290 p p m 

Range 

9 4 . 2 9 - 9 0 . 3 6 
51 .92 -52 .27 

1200-1480 
2 . 3 7 - 2 . 5 9 
1.79-2 .10 
0 .257 -0 .307 
0 . 1 8 0 - 0 . 1 9 7 
0 .049-0 .120 
0 .010-0 .020 
68 -2060 
60 -300 
270- 1010 
82 -192 

165-355 

T o t a l A n a l y s e s : 282 

A n a l y s e s for s u r v e i l l a n c e of i r r a d i a t e d p ins f r o m the r e a c 
tor a r e t a b u l a t e d be low; 

A n a l y z e d for N u m b e r 

T o t a l U 
T o t a l P u 
2»U 

F e 
Al 
Si 
Tc 
Ni 

1 
1 
1 
3 
1 

16 
9 
2 

T o t a l A n a l y s e s ; 34 

A v e r a g e Value 

94.3^ w / o 
1584 Mg/g 
51.54 w / o 
320 p p m 
90 p p m 
264 p p m 
2 56 Mg/g 
78 p p m 

Range 

2 7 5 - 3 5 5 

100- 1100 
117-455 
72 -84 

(ii) P o s t i r r a d i a t i o n A n a l y s e s of E B R - I I F u e l . All the fuel e l e 
m e n t s f r o m S u b a s s e m b l i e s C-2 11 1 and C-2 1 13, wh ich had b e e n s u s p e c t e d 
of c o n t a i n i n g a l e a k , have u n d e r g o n e l o w - p o w e r - i r r a d i a t i o n l e a k c h e c k s in 
T R E A T . T h e s e t e s t s f a i l ed to i n d i c a t e any l e a k s . 

It i s p o s t u l a t e d tha t a v e r y s m a l l l e a k cou ld be p lugged w i t h 
a r e a c t i o n p r o d u c t of s o d i u m and tha t the i n t e r n a l p r e s s u r e s g e n e r a t e d within 
t he j a c k e t a r e not suf f ic ien t to d i s l o d g e t h i s p lug . P r e v i o u s m e a s u r e m e n t s of 
the l e v e l of bond ing s o d i u m in t h e s e e l e m e n t s s h o w e d tha t no s o d i u m had b e e n 
l o s t . T h e r e f o r e , if any l e a k e x i s t s , it m u s t be above the n o r m a l s o d i u m l e v e l 
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in the elements. Equipment is being built to test the sections of the jackets 
of these elements above the top of the sodium level. The jackets will be 
cut approximately 5 in. from the top of the element, washed to remove any 
sodium deposits, and subjected to internal p r e s su re s of 1-2000 psi of helium. 

As a part of the surveillance program to evaluate the i r r a 
diation performance of driver fuel produced in the FCF cold line, three 
subassemblies were installed in the EBR-II core during Run 27. These sub
assemblies; C-2 124, C-2 121, and B- 388, are three of six which will be 
irradiated to burnup increments in the range of 0.6 to 1.2 a /o . The remain
ing subassennblies of this program; C-2120, C-2129, and C-2130, are 
scheduled to begin irradiation at the beginning of Run 28. 

As a part of the EBR-II Driver Fuel Anomalous Swelling 
Program, a total of 182 elements from Subassemblies C-295 and C-2036 
have been subjected to normal surveillance examinations following i r rad ia 
tion to calculated fuel burnup of 1.09 a/o and 1.20 a/o, respectively. Sub
assembly C-295 is intended to provide data concerning the effects of 
differences of fuel enrichment (nominal 52% "^U versus 48% ^̂ ^U) on i r r a 
diation swelling of the fuel. As expected, prel iminary resul ts obtained from 
examination of these elements indicate little effect of fuel enrichment on 
the irradiation swelling of the fuel pins. 

Subassembly C-2036 is one of a pair of subassemblies (the 
other being C-2027 which is being held in the reactor storage basket follow
ing irradiation to 1.2 a/o burnup) which contain only fuel from the same 
casting batches. These batches were expected to exhibit minimal irradiation 
swelling, and it was believed that one subassembly of the pair (C-2027) 
could become a candidate for irradiation to a fuel burnup grea ter than 1.2 a/o 
if postirradiation examination of its companion (C-2036) indicates this to be 
feasible. Only preliminary results of the examination are currently avail
able for C-2036, but these data indicate low swelling for the fuel. It is 
expected that a request for irradiation of C-2027 to a burnup greater than 
1.2 a/o will be made as soon as final results are evaluated. 

A total of 48 elements from five i r radiated subassemblies 
were given postirradiation examinations to determine fuel swelling as a 
part of the continuing FCF Product Analysis P rog ram. In this p rogram, 
each production batch of fuel is evaluated for its i rradiat ion performance, 
and this information is correlated to production pa rame te r s , chemical 
analyses, metallographic analyses, etc. 

Indications of possible cracking of the seamless- tube clad
ding of an irradiated driver-fuel element (Element 16 from spent Subassem
bly C-249) during metallographic analysis conducted by ANL-MET prompted 
a review of FCF subassembly-fabrication records in order to indicate those 
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which possibly contained elements utilizing seamless tubing. The review 
showed that 10 subassemblies in the reactor possibly fitted this category 
The decision was made to remove these subassemblies (B-352, B-354. 
B-355, B-356, B-357, B-358, B-359, B-360, C-2003, and L-447) from the 
core . These subassemblies a re current ly being subjected to nornnal post
irradiat ion examinations in the FCF. This effort should provide informa
tion concerning the adequacy of seannless tubing in driver-fuel e lements . 

Subassembly C-2138, containing 19 elements enriched to 
70%, has been removed from the reactor after having been i r radiated to 
0 3 a/o burnup. Post i r radiat ion surveillance of these elements will be con
ducted before subjecting companion subassemblies containing 70% enriched 
elements to higher burnups. The use of the 70% enriched alloy is a part of 
the Higher Power Operations test program 

Post i r radia t ion examination of five 6th-row, B-type sub
assemblies (B-354, B-355, B-357, B-358, and B-359) revealed that fuel 
pins fabricated from four specific U-5 w/o Fs casting batches displayed 
unexpectedly high irradiat ion swelling. Following irradiat ion to a maximum 
subassembly burnup of approximately 0.99 a/o (0.83 a/o average), pre l imi
nary maximunn values of volume swelling for some fuel pins were as follows: 
Batch 4126--16%; 4130--13%; 4131--13%; and 4132-- 11%. These values 
compare with a maxinnunn swelling of 10% that would be predicted for fuel 
categorized as "high swelling type" at this burnup level. 

Upon obtaining these resu l t s , it was ascertained that no fuel 
fabricated from these casting batches is present in EBR-II. The swelling 
values cannot be corre la ted with fuel silicon Content because this analysis 
was not made at the time of injection casting of the fuel. Pin sampling for 
chemical and burnup analyses and metallographic investigation have been 
initiated in an effort to provide further information regarding the unexpected 
swelling. 
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II. GENERAL REACTOR TECHNOLOGY 

A. Applied and Reactor Physics Development--
Research and Development 

1. Reactor Code Center (M. Butler) 

Last Reported: ANL-7438, p. 84 (March 1968). 

During the first quarter of 1968 the Center distributed a total of 
171 program packages. This is somewhat lower than anticipated due to the 
changeover to the l a rge r -co re 1401 connputer and associated downtime. 
This change will allow standard utilization of 800-bits per inch (bpi) r ecord
ing rather than the 556 bpi used previously. 

New programs assinnilated into the Center l ibrary include an 
IBM-360 version of AISITE2 from Atomics International, GAKIN and 
GAMBLE5 from Gulf General Atomic, NAP from Illinois Institute of Tech
nology Research Institute, and DESTHEC-DP, KANT, PROCOPE, and 
CDC- 1604 vers ions of AIREK-MOD and MAC-RAD from the ENEA Computer 
P rogramme Library. These programs are now available for distribution 
upon request. 

Corrected versions of the Center progranns: 251, SAFE-AXISYM 
for the IBM-7044, and 252, SAFE-PLANE for the Univac 1108, have replaced 

the original IBM-7044 p rograms . 

2. Theoret ical Reactor Physics * 

a. Cross Section Data Evaluation (C. N. Kelber) 

Last Reported; ANL-7438, p. 84 (March 1968). 

(i) E N D F / B Process ing . Many of the E N D F / B mate r ia l s , 
which were processed through E T ^ E and MERMC2 on the CDC-3600, have 
now been processed through the system 360 versions of these codes. Diffi
culties a rose in running ET0E for some mater ia ls because of differences 
in the two systenns. Most of these problems were solved by making minor 
changes in E T 0 E . Some DAMMET problems had to be rerun to provide new 
input tapes to E T 0 E because the For t ran BACKSPACE statennent on the 
360 systenn will work properly only with unblocked data. 

(ii) '̂ ^U Evaluation. The For t ran program which calculates 
infinite-dilution capture and fission c ross sections from unresolved r e s o 
nance pa r ame te r s by integrating over the appropriate s tat is t ical d is t r ibu
tions has been extended. The scat ter ing c ross sections a re now calculated, 
and the p rogram var ies fission widths and reduced neutron widths internally 
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for i = 0 neutrons in order to give agreement with input average fission 
and capture cross sections. A set of unresolved resonance pa ramete r s 
has been derived for "^U and is being combined with the E N D F / B data which 
do not now have unresolved pa ramete r s . 

(iii) " ' P u Evaluation. The OS-360 versions of CODILLI and 
CURVEPLOT were used in an attempted multilevel analysis of the Saclay 
data for " ' P u fission in the energy range from 46 to 70 eV. The process 
has revealed a discrepancy between the two codes; this is not due to nu
merical e r r o r s , as conversion to double precision has shown. In coopera
tion with F. T. and D. B. Adler the resul ts were compared to resul ts 
obtained with their version of the codes using the same data and pa rame te r s . 
The tentative conclusion appears to be that there is a logical e r r o r in 
CODILLI which will have to be found and corrected before the data analy
sis proceeds further. 

b. Reactor Computations and Code Development (B. J. Toppel) 

Last Reported; ANL-7419, pp. 90-95 (Jan 1968). 

(i) ARC System Development. The ARC system utilities are 
being improved to permit users to simply modify, or add to input data 
when rerunning a previous calculation. The new capability requires the 
user to supply only new data and eliminates the need to duplicate input data 
previously saved and retrievable in the ARC system data pool. 

(ii) Phase-1 Fuel-cycle Package. Test runs a re continuing on 
the one-dimensional system. Output edits have been debugged. The major 
portions of the work remaining are a cleanup of the output formats, imple
mentation of the general input processor , and inclusion of special search 
routines for the initial steps of the solution. 

The special search procedures will give a rapid approxi
mate solution in order to save running time in the more accurate , but 
time-consuming, regular searches . Consider an equilibrium problemwith 
scatter-reloading, for which the required fresh fuel enrichment e and the 
burnup time A t„ are unknown. Given guesses of these values, e^^'and At!^', 
the problem is to find approxinnately cor rec t values and approximate atom-
density vectors for the partially burned portions of the reactor charge at 
the start of the burn step (to). 

The solution procedure is as follows. F i r s t , assume that 
the fresh feed-density vector ni°'(to) for each mater ia l applies to all partially 
burned fuel for tha.t mater ial . Solve for-the flux 0(°)(to). Now determine the 
burn matr ices B^°'[At(?)] and find the part ial ly burned fuel-density vectors 

"{"'[to] and ni^)[to + At(°)] for all fractions of each mater ia l . Test the burnup 
B 
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of the batch fractions to be discharged at [tj +Atg ' ] and adjust Atg until the 

burnup cr i ter ion is satisfied. For this new burn time Ati ' 'find n* ft„l and 
(,) (,) B 1 ^^' 

nj [to + Atg ] for all mater ia l s and batch fractions as above. 

Now define 

, , . I ^ vZf(?,E) 0''''(to. r , E ) d E d r 
Production r E ' 

; / i ( r ,E) 0' ' ( to , r ,E) d E d r 
T E 

Compute Akoo = k;„[to + At^''] - koo[to) and assume that Ak^fj = Ak^. Given 

the required k^ff at the time [to + At^' '] , the end of the burn step, find 

keff[to] = keff[to + At^'*] - Akgff. 

NOW perform an enrichment search to keff(to) at to with no 
control poison in the system. Each change in e^" '̂ requires recalculation of 

all density factors ni(to), using the burn matr ices B''''[AtL'']. 

When the enrichnnent search is completed, one has improved 
est imates of required burnup t ime, fresh-fuel enrichments, and atom-
density vectors of the partially burned fuel in the reactor at the start of 
the burn. Normal search procedures a re now initiated. 

Two-dimensional problems are being tested. Since the burnup 
modules and routines are independent of the dimensionality of the neutronics 
model, this system is already in an advanced state of development consistent 
with the advanced status of the two-dimensional diffusion-theory modules in 
the ARC system. Problems to date have been related to the greatly increased 
storage requirements of two dimensional cases . 

(iii) Flux Synthesis. A finite-difference formulation of the dif
ferential equations ar is ing in connection with the variational flux synthesis 
technique reported in ANL-7419 has been completed. Flow charting of the 
algorithnns to execute its solution with the IBM-360 computer in the ARC 
system is near completion. 

In preparation for nunnerical experimentation with the flux-
synthesis a lgor i thms, an ARC system standard path has been written to 
generate a set of one-dimensional neutron-diffusion-theory solutions for 
use as t r i a l functions. Owing to the ease with which nnodules and standard 
paths may be linked in the ARC system, generation of this new path involved 
only a tr ivial For t ran exercise . 
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B. Reactor Fuels and Materials Development 

1. Fuels and Claddings --Behavior of Reactor Materials 

a. Irradiation Behavior of Advanced Ceramic Materials 
(L. C. Michels) 

Last Reported; ANL-7438, pp. 91-92 (March 1968). 

Neutron radiography of the specimens in capsule ANL-56-8 has 
been completed. This capsule was removed from the MTR at the end of 
Cycle 272 after an anomalous temperature excursion. The capsule contained 
four specimens of uranium sulfide pellets and two specimens of vibratori ly 
compacted UC-PuC powders. Corrected data for the specimens are given in 
Table II.B.l. 

TABLE II.B.l . Specimens in Capsule ANL-56-8 

S p e c i m e n 

N u m b e r 

M V - 3 
M V - 5 

S - 7 

S - 8 

S - 9 
S - 1 0 

D e s i g n P a r a m e t e r s ^ 

F u e l 

C o m p o s i t i o n 

( w / o ) 

U C - 2 0 P u C 

U C - 2 0 P u C 

US 

US 

US 

US 

E f f e c t i v e 

D e n s i t y 

(%) 

81 

80 

8 0 ^ 

89 
76^^ 

91 

Op( 

M a x 

C l a d d i n g 

T e m p (°C) 

7 1 5 

7 0 5 

5 3 5 

7 2 5 

7 5 0 

6 9 0 

" r a t i n g 

E s t : 

U -1- P u 

( a / o ) 

9 . 9 
9 . 6 

8 . 0 
1 0 . 2 

10 .2 

1 0 . 2 

C o n d i t i o n s 

i m a t e d B u r n u p 

t o D a t e 

f i s s / c c x 10"^° 

2 8 

2 7 

15 

2 0 

19 
2 2 

f-AU cladding is Nb-1 w/o Zr alloy of 0.281-in. OD and 0.012-in. thickness. 
Based on effective density. 
Part ial ly annular pellets; Specimen S-7 contained a center thermocouple. 

Specimens S-7, S-8, and S-10, all of which contained uranium 
sulfide pellets, exhibited some indication of diametral swelling, pellet 
cracking, and pellet separation. However, Specinnen S-9, which also con
tained uranium sulfide pellets , appeared intact with no detectable changes. 
The pellets in Specimen S-9 were annular in contrast with the solid pellets 
m Specimens S-8 and S-10. Specimen S-7, which also contained annular 
pellets, had a sheathed thermocouple inserted in the annulus. 

The fuel density of one of the two UC-PuC specimens, MV-3, 
appeared to vary along the length of the pin. The other specimen, MV-6, 
showed no evidence of this variation. 
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Structures and Proper t ies of Advanced Fuel Materials 
(J. H. Handwerk) ' 

Last Reported: ANL-7438, pp. 92-95 (March 1968). 

(i) Thermodynamic Proper i tes of PuO^. The heat capacity 

(3) 

1 r 1 I—I—r 

given in ANL-7438, is plotted in Fig. II.B.l along with Sandenaw's low-
tempera ture values.* The coincidence of the two curves in the region 

near room temperature effectively con
firms the low-temperature data. 

Since the high- and low-tennperature 
heat capacity measurements are in good 
agreement, the data were combined and 
thermodynamic functions were calculated 
for PuOi from 25 to 1800°K. A computer 
program of the type described by Forsythe** 
was used to fit a power-series polynominal 
in temperature to the heat capacity data. 
This program also performed appropriate 
integrations to obtain the heat content, 
entropy, and Gibbs free energy functions 
listed in Table II.B.2. Significant figures 
in addition to those that can be justified by 
experinnental accuracy have been included 
in some of these thermodynamic functions 
to aid interpolation between the listed tenn-
pera tures . The heat capacity curve was 
extrapolated to obtain values from 1400 to 
1800°K. Extrapolation of this curve to 
even higher temperatures results in a 

deg" ' for PuOj at its 

SANDCNWr'S OATA 

THIS STUDY 

J I I L 

Fig-

MO 1000 IKW 1400 WOO itOO 
TEMPtRATURE CR) 

II.B.l. Heat Capacity of Pu02 as a 
Function of Temperature 

hea t 
nnelt 

c a p a c i t y of a p p r o x i m a t e l y 2 3 + 1 c a l m o l e 
ing point of 2663 ± 20°K.''' 

c. F u n d a m e n t a l s of C o r r o s i o n in Liquid M e t a l s (S. G r e e n b e r g ) 

L a s t R e p o r t e d ; A N L - 7 4 2 7 , pp. 99 -101 (Feb 1968). 

(i) C o r r o s i o n Inh ib i t ion by D i s s o l v e d G e t t e r s in Liquid Sod ium 
E n v i r o n m e n t . The r e s u l t s of a n a l y s e s of v a n a d i u m - a l l o y s a m p l e s be fo re 

•Sandenaw, T. A., J. Nucl. Mater. 10, 165(1963). 
•*Forsythe. G. E., J. Soc. Indust. Appl. Math. 5. 74 (1957). 

^ Lyon, W. U, and Baily, W. E.. Genetal Electric Report GEAP-4678 (1966). 
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and after exposure to 650°C sodium that contained about 100 ppm 
magnesium are given in Table II.B.3. Less than 2% of the weight gains 
were attributable to magnesium, and less than about 10% were due to 
nickel. Additional samples were subjected to general survey spec t ro-
analysis of "order-of-magnitude" accuracy; resul ts show that V-15 w/o 
Cr-5 w/o Ti picked up small amounts of iron in addition to the other ele
ments listed in Table n .B.3 . 

TABLE II .B.2. Molar T h e r m o d y n a m i c P r o p e r t i e s of P u O ; 

T (°K) (cal m o l e " ' deg 

S° - S' 
T 

(cal mole 
OK 
d e g " ' ) (cal mole 

-(G? - H \ ) / T 

') (cal m o l e " ' d e g " ' ) 

25 
50 
75 

100 
125 
150 
175 
200 
225 
250 
275 
298.16 
300 
350 
400 
450 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 
1500^ 
1600a 
1700^ 
ISOOa 

^Ext rapo la ted . 

0.80 
2.62 
4.58 
6.35 
7.89 
9.28 

10.61 
11.92 
13.20 
14.42 
15.56 
16.50 
16.57 
18.15 
19.19 
19.85 
20.30 
20.93 
21.33 
21.57 
21.76 
21.90 
22.00 
22.08 
22.17 
22.22 
22.27 
22.32 
22.36 
22.39 

0.43 
1.50 
2. 94 
4.50 
6.09 
7.65 
9. 18 

10,69 
12.16 
13.62 
15.05 
16.34 
16.44 
19.12 
21.62 
23.92 
26.04 
29.80 
33.06 
35.92 
38.47 
40.76 
42.87 
44.79 
46.56 
48.20 
49.74 
51.17 
52.53 
53,81 

7 

48 

138 

276 
4 5 4 

669 
918 

1199 
1513 
1858 
2233 
2605 
2635 
3506 
4441 
5418 
6423 
8486 

10601 
12747 
14914 
17097 
19293 
21497 
23710 
25929 
28153 
30383 
32617 
34855 

0.15 
0.54 
1.09 
1.75 
2.46 
3.19 
3.94 
4.69 
5.44 
6.18 
6.92 
7.61 
7.66 
9.11 

10.52 
11.88 
13.19 
15.66 
17.91 
19.99 
21.90 
23.68 
25.33 
26.87 
28.32 
29.68 
30.97 
32.19 
33.34 
34.44 

TABLE II .B.3 . Re la t ive Amount of G r a v i m e t r i c Weight Change af te r E x p o s u r e 
of Vanadium Alloys to M a g n e s i u m - g e t t e r e d Sodium at bSCC^ 

Weight Change (%) 

V-ZO w / o Ti 

E lement 

C 
H 
0 
N 

Total 

Coupon 

86.5 
-1 .5 

5.4 
11.5 

101.9 

Foi l 

90.6 
0.11 

-0.55 
2.56 

92.7 

V-15 w / o C r - 5 w / o Ti 

Coupon F o i l 

78.9 
-0.7 
15.9 

3. 1 
97.2 

92b 

0.22 
-0 .55 

1.87 
93.5 

^Coupons were exposed for 180 h r . and foils subsequen t ly for 168 hr . 
Result based on a n a l y s e s of a second sec t ion of th is foil af ter f i rs t r e su l t i nd i 
cated only 57% carbon . 
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Carbon contributed most to the weight gains. Fronn 
thermodynannic considerations, magnesium would not be expected to protect 
these alloys from carbon interaction. Examination of samples exposed for 
longer t imes may reveal whether the carbon interaction warrants attempts 
to provide inhibition. 

The nnagnesium concentration in the loop sodium has been 
increased to a value closer to that originally intended. (Previously, inter
action of magnesium with the nickel loop resulted in a low concentration of 
magnesium in sodium.) The new value, 740 ppm, is based on analysis of a 
dip sample taken at 650°C. A nickel concentration of 160 ppm was also 
reported. 

The method of chemical analysis developed by K. Jensen 
of the Chennistry Division recovers magnesium from the interaction product 
present on the interior of the nickel sampler , as well as magnesiunn present 
in sodium contained by the sampler. (The nickel analysis did not include 
the interaction product retained on the sampler wall.) Seventy ppnn of the 
above 740 ppm magnesium were recovered from the interaction product. 

Freshly prepared coupon and foil samples of the two vana
dium alloys, as well as a vanadiunn-wire sample for later internal friction 
analysis, a re being exposed to the gettered sodium at 650°C. Exposure 
periods of one nnonth a re planned. 

Study of the magnesium-nickel interaction has been com
pleted. Test procedures were described previously (see P rogress Report 
for January 1968, ANL-7419, p. 106). Table U.B.4 summarizes the resul ts . 
The interaction does not constitute a hazard in present loop experiments , 
and sufficient magnesium can be maintained in solution for the purposes 
of the gettering study. The nickel resul ts of Table II.B.4 a re not well under
stood; insert weight gains were higher than may be accounted for by 
magnesium pickup alone. 

TABLE II.B.4. Interaction Product on Nickel Surfaces That Contact Na-Mg Solution at 650"'C 

Capsule 

DG 13 
DC 14 
DG 16 
DG 15 
DG 17 

Time at 
b50°C 
(hr) 

17 
108 
159 
175 
319 

Insert 
Weight 
Gain 

(mg/cm') 

0.551 
0.597 
0.652 
0.840 
1.67 

Average Th; 
layer Sui 

Inner Layer 

1.7 
2 .0 
2 .6 
4.2 
3,0 

ickness of Two-
•face Product 

Outer Layer 

2.7 
3.6 
3.4 
2.8 
5. 1 

Analy Bii 
Sodium 

of 
a 

after Test 
(mg) 

Mg 

23.2 
8.6 
5.2 
5.5 
2.0 

Ni 

1.8 
0.9 
0 .9 
2 .1 
1. 1 

^Quantities of materials loaded into each capsule were 5 g sodium and 4b mg magnesium for 
63 cm* of nickel surface in contact with the sodium. 
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Electron microprobe analysis of the interaction product on 
Capsule DG 15 yielded the results given in Table II.B.5. The corrected con
centration for carbon would probably be higher than that shown, but accurate 
correction data are not available. 

TABLE II.B.5. Composition of Mg-Ni Interaction Product 
of Capsule DG 15^ 

Element 

Ni 
Mg 
C 

M easured 
Concentration 

(w/o) 

83.7 
4.6 
1.7 

X 

Concentration 
Corrected for 
- ray Absorption 

(w/o) 

11.2 

Specimen prepared by wet-polishing techniques that 
would not preserve surface sodium. 

Metallographic preparation techniques a re being tested that 
are designed to preserve any sodium present in the interaction product, as 
well as in the surface product of exposed vanadium alloy samples. 

2. Fuels and Claddings--Chemistry of Irradiated Materials 

a. Development of Analytical Faci l i t ies , Microstructure Sampling 
Techniques, and Analytical Procedures for Analysis of 
Irradiated Fuel's (C. E. Crouthamel) 

Last Reported: ANL-7438, pp. 95-96 (March 1968). 

Construction of a shielded fuel-evaluation facility continues. 
Minor difficulties with the operation of the t ransfer locks have been cor 
rected. The pressure-cont ro l system for the iner t -a tmosphere enclosure 
is operational. Two instruments, a cathodic etcher and a vapor deposition 
unit, have been installed in the cell for testing the high-vacuum system that 
services these instruments. 

A pneumatic-tube system will be used to t ransport samples be 
tween the shielded fuel-evaluation facility and the analyt ical- instrument 
complex. A mockup of the pneumatic system has been set up, and the opera
tion of various components is being tested. 

Outside contracting work on the analyt ical- instrument facility 
has been completed. The control instruments for the spark-source mass 
spectrometer have been assembled in a single relay rack to provide greater 
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flexibility of operation. The internally shielded electron microprobe has 
been moved to the analytical connplex; realignment of the electron and X-ray 
optical systems is in p rog res s . 

b. Post i r radiat ion Studies of Reactor Fuels (M. D. Adams) 

Last Reported: ANL-7427, pp. 102-105 (Feb 1968). 

(i) Mass -spec t romet r ic Analysis of Laser-vaporized Samples. 
Laser-beann vaporization is being used to obtain very small sannples of 
irradiated fuels for analysis . In recent work, two laser-vaporized samples 
from a UO^ fuel pin (13% enriched, 6.8 a/o burnup) have been examined with 
a thermal-ionization mass spectrometer . The two samples, which weighed 
~10 g each, were from a se r ies of samples prepared previously (see 
ANL-7427, p. 105) for alpha- and gamma-spectronnetric analysis. One 
specimen, IC, was taken from a porous inclusion near the periphery of the 
fuel. Electron microprobe analysis had previously indicated that these 
porous inclusions were high-burnup regions associated with fully enriched 
UOz par t ic les in the original fuel mater ia l (see P rogres s Report for May 1967, 
ANL-7342, p. 90). The second specimen, 7A, was taken from the UO^ nnatrix 
adjacent to the porous inclusion. 

In preparation for mass - spec t romet r i c analysis, the samples 
were dissolved from their glass mounts with HNOj containing a t race of HF, 
and were mounted on the filament of the mass spectrometer by evaporation 
to dryness . Results of uranium isotopic analysis of both specimens were 
as follows: 

% 
Relative Concentrations 

Mass No. 

234 
235 
236 
238 

I C 

0.25 
13.17 

2.07 
84.52 

7A 

0.26 
6.83 
1.21 

91.71 

The relatively higher concentrations of '̂̂ U and "''U in sample IC are a 
further indication that the porous inclusions are associated with par t ic les 
of highly enriched UO^. 

In the mass regions of the fission product elements, peaks 
were observed corresponding to the following elements: for sample IC, 
barium, cesium, niobium, strontium, gadolinium, praseodyminum, lanthanum, 
cadmium, and telluriunn; for sample 7A, barium, cesium, strontium, gado
linium, and praseodymium. The concentrations of r a r e earths observed in 
the porous inclusion (IC) were relatively higher than those in the UO^ matr ix 
(7A); these data also indicate that sample IC was from a high-burnup region. 
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Other elements that were detected, namely, calcium, potassium, chromium, 
and vanadium, were probably impurities introduced either in preparat ion of 
the fuel material (e.g., chromium) or in preparation of the samples for 
analysis. 

3. Fuels andCladdings--Thermodynamics of Fuel Materials 

a. Total Vapor P r e s s u r e s and Carbon Potentials in the Ternary 
System U-C-Pu (P. E. Blackburn and M. Tetenbaum) 

Last Reported: ANL-7419, p. 109 (Jan 1968). 

A study of the vaporization behavior of the uranium-carbon sys 
tem continues. Measurements of the total p ressure of uranium-bearing 
species and carbon activity are being made as functions of temperature and 
UCx composition, using the transpiration method with hydrogen-methane 
mixtures as ca r r i e r gases. 

Our preliminary results at 2290°K indicate trends that are con
sistent with expectations for single-phase uranium monocarbide, namely, 
a sharp increase in total uranium pressure and a sharp decrease in carbon 
activity as the composition of the condensed phase approaches the meta l -
rich phase boundary. Our data appear to be in rough agreement with the 
uranium pressures and carbon activities obtained by Storms from m a s s -
spectrometric measurements .* 

Storms ' activity measurements were made only at 2100 to2300°K; 
activity measurements were not made near the metal-rich phase boundary 
U(l)-UC. We are initially planning to measure activities with the t r ansp i r a 
tion technique over a wider range of temperatures and compositions than those 
reported by Storms Measurements of the total p ressu re of uranium-bearing 
species in the single-phase regionabove the miscibility gap will also be made. 

4. Techn iques of F a b r i c a t i o n and T e s t i n g - - B a s i c F a b r i c a b i l i t y - - R e s e a r c h 
and Deve lopmen t 

a. Deve lopmen t of N o n d e s t r u c t i v e T e s t i n g T e c h n i q u e s (H. B e r g e r ) 

Las t R e p o r t e d : A N L - 7 4 3 8 , pp. 96-97 ( M a r c h 1968). 

(i) Neu t ron T e c h n i q u e s . W o r k h a s cont inued in four a r e a s of 
inves t iga t ion : ~ 

( l ) S tud ies of s m a l l - s o u r c e t e c h n i q u e s wi th the ^•*'Am-^''^Cm-
Be s o u r c e of 10 n e u t r o n s / s e c yield a r e be ing ex tended to e v a l u a t e a r a n g e 
of co l l ima t ion p a r a m e t e r s in both BeO and w a t e r m o d e r a t o r s . 

Storms, E. K., Thermodynamics of Nuclear Materials, IAEA, Vienna (1966), Vol. I, pp. 315, 330; 
The Refractory Carbides, Academic Press fl9671. p. 211. 
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(2) The reduction in reciprocity-law failure by means of 
cooling the scinti l lator-fi lm combination has been confirnned for several 
different films. Quantitative measurennents a re underway. 

(3) New scintillator mixtures have been designed, and are 
being tested for efficiency, inherent unsharpness, contrast , and gamma 
discrimination. 

(4) A new t e s t - b l o c k s y s t e m has been d e s i g n e d , and four 
i d e n t i c a l m o d e l s a r e unde r c o n s t r u c t i o n . The m o d e l s wi l l be used to c o m 
p a r e t e s t c h a r a c t e r i s t i c s b e t w e e n the 20 o r m o r e l a b o r a t o r i e s that now 
p e r f o r m n e u t r o n r a d i o g r a p h y . 

(ii) P a s s i v e U l t r a s o n i c T e c h n i q u e s . As d e s c r i b e d p r e v i o u s l y 
(see P r o g r e s s R e p o r t for J a n u a r y 1968, A N L - 7 4 1 9 , p . 112), a l i t h ium n ioba te 
p i e z o e l e c t r i c e l e m e n t has b e e n bonded to a Type 304 s t a i n l e s s s t e e l p l a t e 
with gold foil . The l i t h i u m n ioba te e l e m e n t a p p e a r e d to be f i r m l y a t t a c h e d 
to the Type 304 s t a i n l e s s s t e e l c a p s u l e . Subsequen t l y , the s a m e me thod was 
used to m a n u f a c t u r e a p r o t o t y p e a c o u s t i c s e n s o r . The s e n s o r was a c c i d e n 
t a l ly d r o p p e d , and the e l e m e n t b r o k e l o o s e . E x a m i n a t i o n of the s u r f a c e s 
r e v e a l e d that nonun i fo rm bonding c a u s e d the f a i l u r e . 

Me thods for i m p r o v i n g the bond a r e being e v a l u a t e d . Samp le 
s h e e t s of Type 304 s t a i n l e s s s t e e l have been p la ted with n i cke l or n i cke l and 
p l a t i n u m by a v e n d o r . S e v e r a l t ypes of nnetal p a s t e s a r e being c o n s i d e r e d 
for the jo ining o p e r a t i o n . 

(ii i) Developnnent of an E l e c t r o d y n a m i c T r a n s d u c e r . The e l e c t r o -
d y n a m i c me thod of sound g e n e r a t i o n u t i l i z e s , t h e force p r o d u c e d by the i n t e r 
ac t i on of nnutually p e r p e n d i c u l a r e l e c t r i c and m a g n e t i c f ie lds to induce 
m e c h a n i c a l ( a c o u s t i c ) v i b r a t i o n s in m a t e r i a l s . Houck et a l . * have r e p o r t e d 
the g e n e r a t i o n , but not the d e t e c t i o n , of a c o u s t i c w a v e s in th i s m a n n e r ; t h e i r 
mode l a s s u m e s that the e x t e r n a l e l e c t r o m a g n e t i c f ields of the co i l couple 
d i r e c t l y wi th the e l e c t r o m a g n e t i c f ie lds of the a c o u s t i c wave . 

In i t i a l l y , the t e s t p i ece (a 6 . 0 - c m - l o n g a l u m i n u m b a r ) was 
glued to a c o p p e r s t r a p and c u r r e n t p a s s e d t h r o u g h the s t r a p to supp ly the 
n e c e s s a r y e l e c t r i c f ield. T h i s s y s t e m has been sinnplified by e l i m i n a t i n g 
the p h y s i c a l connec t ion to the t e s t p i e c e ; the c o p p e r s t r a p has been r e p l a c e d 
with a co i l tha t d o e s not touch the t e s t p i e c e . T h i s a r r a n g e n n e n t has been 
s u c c e s s f u l bo th to d e t e c t and to g e n e r a t e a c o u s t i c w a v e s a t 5 and 20 MHz, 
but the s y s t e m was not a d e q u a t e to g e n e r a t e and to d e t e c t s i m u l t a n e o u s l y . 

L a r g e i n c r e a s e s in the s e n s i t i v i t y of the e l e c t r o d y n a m i c t r a n s 
d u c e r have been a c h i e v e d wi th a co i l in a " p a n c a k e " d e s i g n . T h i s i n c r e a s e in 
s e n s i t i v i t y w a s suff ic ient to d e m o n s t r a t e , at 5 MHz, the u s e of the e l e c t r o d y n a m i c 

•Houck, J. R , et^ah. Direct Electromagnetic Generation of Acoustic Waves, Phys. Rev. Letters 19, 224 (1967). 
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transducer for a pulse-echo technique. Additional changes in the coil design 
have further increased response, and other improvements in the coil systenn 
are being considered to bring the sensitivity up to that of a piezoelectric 
transducer. 

5. Engineering Proper t ies of Reactor Mate r ia l s - -Research and Development 

a. High Temperature Mechanical Proper t ies of Fuel Oxides 
(R. J. Beals) 

Last Reported: ANL-7427, pp. 108-110 (Feb 1968). 

(i) Elastic and Anelastic Proper t ies in a Polycrystall ine Sys-
tem UO2-PUO2. New facilities for sintering {\J,P\i)Oz bars have now been 
installed and tested. Grinding techniques that will produce a specimen with a 
parallel-face tolerance of ±0.001 cm have been perfected, and a different 
mode of sample suspension is being tried with the hope of detecting sample 
torsional resonance. 

A solution of 75 v/o HF and 25 v/o HNO3 has proven some
what effective in etching Uo.8Puo.2O2. However, a room-tempera ture etching 
time of approximately 15 hr is required to produce an acceptable etched 
surface. 

Ceramographic studies conducted with 8.16-g/cm^ 
Uo.8Puo.2O1.98 (Sample No. l) gave no indication of the presence of second-
phase material . Results of efforts conducted to isolate the "skin effect" a re 
inconclusive, and work is continuing in this a rea . Results of a microprobe 
analysis indicated that Sample No. 1 was composed of homogeneous solid 
solution, as indicated by about ±4 a/o cationic variation from the mean value 
of Pu = 20 a/o and U = 80 a /o . The grain size of Sample No. 1 was de te r 
mined by the linear intercept method and found to have an effective spherical 
grain diameter oibfi. 

C. Engineering Development - -Research and Development 

1- Development of Master-Slave Manipulator Systems (R. C. Goertz) 

Last Reported: ANL-7438, p. 98 (March 1968). 

^- Development of Manipulator Systems 

(i) Electric Master-Slave Manipulator, Mark E4A. The i r r ad ia 
tion test of a servo drive unit is still in p rogress . In order to speed up the 
test, the unit was moved closer to the source to obtain an exposure rate of 
2.25 X 10 R/hr (more than double the previous rate) . The higher exposure 
rate increases the temperature of the unit to 50°C. 

http://Uo.8Puo.2O2
http://Uo.8Puo.2O1
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The irradiat ion test was interrupted after exposures of 
1.2 X 10 R and 5.9 x 10 R to make performance tes ts of the servo drive 
unit. During these t e s t s , the motors were heat cycled 10 t imes between 
25 and 180°C. The fields of each motor were switched on and off (150 V 
per field) 10 t imes to test for possible e lect r ical breakdown during these 
t rans ients . The measurements show that no changes have occurred in any 
of the nnotor, tachometer , or brake-solenoid pa rame te r s . There was also 
no change in the friction of the overall drive unit. The friction of the brake 
slip clutch decreased to about 75% of the original value. 

As expected, the Teflon insulation on the lead wires of the 
synchro had failed by an exposure of 1.2 x 10* R. New synchros a re being 
ordered with better radia t ion-res is tant substitutes for the lead wire , bea r 
ing lubrication, and impregnating varnish. 

b. Study of Remote Handling for LMFBR Facil t ies . A meeting was 
held with General Electr ic (GE) personnel , to discuss remote-handling prob
lems, approaches, and current technology. Remote Control Division (ANL) 
part icipants described the manipulator-systenn development progrann at 
ANL. GE part icipants described the fuel-handling system in SEFOR, the 
current fuel-handling concepts for the F F T F backup, the 300-MWe plant 
and the 1000-MWe plant. In each of these designs, GE is providing a 
shielded cell over the reac tor , but a re planning on men entering the cells 
to ca r ry out many operations and repair tasks , assuming that manned entry 
is possible whenever these tasks must be done. If the cell becomes con
taminated, or if fuel-handling mechanisms fail, other approaches must be 
used. ANL pointed out that advanced electr ic mas te r - s l ave systems --capable 
of working throughout the cell--could allevia(?fe many such problems if these 
systems are incorporated ear ly in the facility design. (After-thought addi
tions a re more expensive and generally less useful.) If electr ic m a s t e r -
slave systenns a re incorporated, they should be relied upon to do all of the 
in-cell tasks . GE part icipants will study this concept further. 

Sections 1, 2, 3, and 8 of the LMFBR Prog ram Plan were 
briefly surveyed to a s s e s s the remote repa i r , maintenance, and handling 
problems expected. The need for efficient ways of making remote repa i r s 
and replacements is well recognized in nnany a r ea s of the Plan. In the 
main, the problenns a re noted only in general ternns and the current docu
ments contain almost no information on possible solutions. However, to 
maintain a high overall plant availability, advanced manipulator systems 
will definitely be needed. A few meetings have been held with members of 
the P r o g r a m Office to discuss remote-handling problems and manipulator-
system technology. 

Remote Control Division people met with management personnel 
of the two principal manipulator manufac turers : Central Research Labs, 
and P rog rammed and Remote Systems. P resen t and future nnanipulator s y s 
tenns as well as other remote-handling problems were discussed. 
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Both companies stated that they consider the present condition 
of the Mark E4A to be s ta te-of- the-ar t , and more highly developed and r e l i 
able than many other pieces of equipment going into hot facili t ies. Central 
Research went so far as to say they are planning to prepare a sheet stating 
the availability of the Mark E4A as one of their supplied manipulators . 

2. Heat Transfer , Fluid Flow, and Mechanics of Materials 

a. High Temperature Boiling Sodium Experiments (J. V. Tokar) 

Last Reported: ANL-7438, p. 99 (March 1968). 

(i) Niobium-1% Zirconium Loop. Since the 41 boiling runs 
were completed in February, the facility has been down for repai rs and 
modifications to the radiation boiler and preheater sections, the condenser 
shutter-drive mechanism, and the liquid-metal helical induction pump. 

As noted in ANL-7438, the liquid-metal pump has not per 
formed properly. The vendor of the pump checked the e lect r ical c i rcui t ry 
and found it in order . More operational tests are planned. 

Further analysis of the experimental data from the loop has 
shown that installation of a flow orifice before the boiler section may help 
to achieve boiling stability; the size of such an orifice is being est imated. 
A valve will be used rather than a fixed orifice so as to provide some mar 
gin and variable control. 

b. Heat Transfer in Liquid Metal Cooled Reactor Channels 
(R. P. Stein) ~ '—• 

Last Reported: ANL-7438, pp. 102-105 (March 1968). 

Investigations of the engineering-type relationships to account 
for forced-convection heat transfer during flux t ransients continue. In 
Figs. II .C.l , II.C.2, and II.C.3 are graphs which compare e r r o r s in com
puted transient surface temperatures when predicted by the customarily 
used heat-transfer-coefficient relation and by the "first" and "second" ap
proximation forms of the new engineering-type relationships (see Eqs . 2, 
3, and 4, ANL-7438, p. 104). Temperatures are predicted for the flux t ran
sient represented by 

q = qmettTsin 7T(i/L), (1) 

where q is the heat-flux density to the fluid in Btu /hr - f t^ qj^ is the initial 
maximum value of q, a is the exponential inverse period in s e c " ' , r is the 
time m seconds, i is the axial position along the channel measured from 
the inlet in feet, and L is channel length in feet. 
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T h e o r d i n a t e s of the t h r e e g r a p h s r e p r e s e n t the e r r o r in the 
c o m p u t e d nnaxinnum s u r f a c e t e m p e r a t u r e d iv ided by the in i t i a l s t e a d y - s t a t e -
fluid t e m p e r a t u r e r i s e Ato o v e r the e n t i r e l eng th of the h e a t e d duct (out let 
m i n u s i n l e t ) . The v a l u e s shown a r e for CXT = 2 .25 , wh ich r e p r e s e n t s an 
a p p r o x i m a t e l y tenfold i n c r e a s e in flux f rom an in i t i a l s t e a d y - s t a t e v a l u e . 
The a b s c i s s a s a L / u , w h e r e u is the c r o s s - s e c t i o n a l a v e r a g e v e l o c i t y , r e p 
r e s e n t the r e s i d e n c e t i m e of the fluid in the duct in exponen t i a l p e r i o d s . F o r 
a l l t h r e e f i g u r e s , the P r a n d t l n u m b e r is 0 .003 , a r i s 2 .25 , and, at a L / u = 1, 
the l e n g t h - t o - d i a m e t e r r a t i o i s 200 and the Reyno lds n u m b e r i s 100,000. 

F i g u r e I l . C . I s h o w s the s ign i f i can t ly i m p r o v e d a c c u r a c y ob ta ined 
by us ing the r e l a t i v e l y s i m p l e f i r s t - a p p r o x i m a t i o n r e l a t i o n s h i p ove r a h u n 
d red fo ld r a n g e of a . F i g u r e s I I .C.2 and I I .C .3 i l l u s t r a t e that the a c c u r a c y 
of the f i r s t - a p p r o x i m a t i o n r e l a t i o n s h i p t ends to b e c o m e no b e t t e r than the 
u s u a l h e a t - t r a n s f e r - c o e f f i c i e n t equa t ion when the a c t u a l fluid r e s i d e n c e 
t i m e (L/VT) d e c r e a s e s . F o r the c a s e s e x p l o r e d , h o w e v e r , the s e c o n d -
a p p r o x i m a t i o n r e l a t i o n s h i p a l w a y s a p p e a r s to i m p r o v e a c c u r a c y s ign i f i can t ly . 
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D. Chemistry and Chemical Separations 

1. Aqueous and Volatility P roces se s - -Resea rch and Development--
Fluoride Volatility Process 

a. PuFj Chemistry and Purification Processes (M. J. Steindler) 

Last Reported: ANL-7438, pp. 108-109 (March 1968). 

A procedure is being developed for separating volatile fission 
product fluorides from plutonium hexafluoride produced in the fluid-bed 
fluoride volatility process . One procedure being considered is passage of 
the gas stream through a bed of granulated LiF, which sorbs fission 
products and a portion of the plutonium as complexes. This would be 
followed by preferential removal of plutonium from the LiF. 

The removal of plutonium from PuF4-LiF complexes by 
reaction with fluorine was described in ANL-7438. An observed change 
in the reaction rate of the LiF-PuF4 suggested that two different complexes, 
LiF-PuF4 and 4LiF-PuF4, participated in the reaction. 

In three new runs, samples 
(prepared by reaction of PuFj with 
LiF at 3 0 0 ° C ) were fluorinated with 
fluorine--one at each of the tempera
tures 350, 400, and 450°C. The 
reaction as a function of time at 
450°C is shown in Fig. II.D.l (simi
lar curves were obtained at 350 and 
400°C). The discontinuities observed 
are consistent with a hypothetical 
phase diagram based on ear l ier 
work. The phase diagram predicts 
that at a total mole ratio of LiF to 
PUF4 of 4.0, a discontinuity in reac
tion rate should occur signifying 
depletion of the LiF-PuF4 complex 
and fluorination of the 4LiF.PuF4 
complex during the remainder of 
the reaction. The discontinuities 
at mole ratios 4.2, 3.9, and 4.05 are 
consistent with this prediction. 

Furthermore, samples of the solid phase taken after the change in reaction 
rate were tentatively identified as 4LiF.PuF4 on the basis of their X-ray 
patterns. 

300 400 500 600 

REACTION TIME (mm) 

Fig. II.D.l. Reaction of LiF-PuF4 Complexes with 
Fluorine at 450OC 
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b. Development of Decladding Procedures (R. L. J a r ry ) 

Last Reported: ANL-7419, p. 122 (Jan 1968). 

For the recovery of s tainless s teel-clad mixed-oxide fuels, a 
step subsequent to the HF-oxygen decladding step has been proposed, 
namely, reaction with pure HF to convert the oxide products of the de
cladding to fluorides. Such a step would potentially have the following 
advantages: (1) eliminate a major portion of the oxygen in the fluid-bed 
charge for the subsequent fluorination with fluorine, thereby reducing the 
fluorine requirements and simplifying recycle of the fluorinating gas phase, 
and (2) possibly convert soine of the decladding products to volatile fluorides, 
thereby removing them from the fluid bed prior to the reaction with fluorine. 

The reactions of pure HF with each of the compounds Fe203, 
CrjOs, M0O3, and NbjOj have been examined, using a boat reactor system. 
The experiments were performed at 550°C for 2 hr with a HF flow rate of 
about 50 ml /min . Reaction with M0O3 formed a small amount of volatile 
M0F5, the major products being the lower fluorides. FejOj and NbjOs were 
converted to FeF^ and NbF3, respectively, neither of which is volatile. 
Chromium sesquioxide did not react with HF under these conditions. Since 
these resul ts indicate that it is unlikely that decladding products would be 
converted to volatile fluorides, no further work on this method is anticipated. 

c. Engineering Developnnent of Fluid-bed Fluorination Procedures 
(D. Ramaswami) 

Last Reported: ANL-7427, p. 121 (Feb 1968). 

Engineer ing-scale studies a re being planned to determine the 
feasibility of decladding and fluorinating typical fast breeder reactor (FBR) 
fuel bundles and to establish the process reliability. Modification for these 
studies of a 3-in.-dia nickel column and its auxil iar ies has been initiated. 

In these s tudies, we shall evaluate the desirabil i ty of pulsed flow 
of gas through a bed of inert par t ic les instead of the steady gas flow used 
conventionally for fluid beds. In pulsed flow, the gas flow rate during a pulse 
is nnuch g rea te r than during conventional operation. The entire bed expands 
during a pulse, then contracts during the interval when the gas flow is shut 
off. Poss ible advantages of pulsed-bed operation for fluid-bed fluoride 
volatility p roces se s a re as follows; 

1. capability for using wider ranges of par t ic le s izes ; 

2. bet ter sol id-gas contacting and improved reactant util iza
tion efficiency; 
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3. improved heat- and mass - t rans fe r ra tes ; 

4. greater gas throughputs and consequently shorter fluorination 
times: 

5. decreased elutriation of part icles out of the bed. 

Exploratory tests with pulsed beds were made to gain operating 
experience, to examine the character is t ics of pulsed beds, and to compare 
the behavior of pulsed and steady-flow beds. The apparatus for these tests 
consisted of a 3-in.-dia Pyrex glass column, 72 in. long, and the auxiliaries 
needed to pulse the feed stream. Five sizes of granular alumina with mean 
particle sizes from 2380 to 2 ji were charged to the column in layers , the 
largest-sized alumina was charged first, then the next smaller size, and so 
on. The particle sizes, mass of the bed, operating time, and total gas 
throughput were similar to those expected during decladding and fluorinating 
of FBR fuels. Six runs were made, three each with pulsed and steady-flow 
beds. 

Bed expansion was consistently greater for pulsed beds than for 
steady-flow beds at similar average gas flow ra tes . The entire bed expanded 
with the pulsed gas flow,whereas only top layers expanded with steady gas 
flow. 

In the pulsed-bed runs, the layers , initially completely segre 
gated, mixed thoroughly within about 10 to 15 min of the s ta r t of the run 
and remained well mixed for the remainder of the 6-hr operation. Mixing 
was confirmed with sieve analysis of successive portions of the bed. How
ever, in the steady-flow runs the two lower layers remained intact for the 
entire period. These results suggest that the pulsed-bed mode of operation 
may effect mixing throughout the bed of the coarse products resulting from 
chemical decladding of stainless steel-clad fuels. This would avoid any 
problems such as caking tendencies encountered when coarse mater ia l 
settles to the bottom of the bed. 

A Lucite mockup of a FBR fuel bundle is being constructed. 
This will be placed in the Pyrex column that will be operated in the pulsed-
bed and steady-flow modes, permitting observation of the movement of bed 
material in the voids of the bundle and selection of the proper operating 
conditions for the 3-in.-dia nickel column to be used in future work. 

'^- Engineering-scale Development for UO2-PUO2 Fuel (N. M. Levitz) 

Last Reported: ANL-7438, pp. 111-112 (March 1968). 

Conceptual-design studies of f luoride-volati l i ty-processing plants 
for LMFBR fuel are in p rogress . Pr ior i ty of work has been placed on a large 
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c e n t r a l - p l a n t c a s e ( u r a n i u m and p l u t o n i u m load equ iva l en t to 15,000 MWe 
g e n e r a t i o n r a t e , ~10 -1 O' D F * ) . V a r i o u s p r o c e s s - f l o w s h e e t a l t e r n a t i v e s a r e 
be ing e x a m i n e d . M e c h a n i c a l v e r s u s c h e m i c a l h e a d - e n d s c h e m e s and ba tch 
v e r s u s con t inuous p r o c e s s i n g a r e being c o n s i d e r e d in t h e s e p r e l i m i n a r y f low
s h e e t s . Spec i f i c p r o b l e m s e x a m i n e d d u r i n g the r e p o r t p e r i o d a r e a s fo l lows: 

(i) Me thod of r e m o v i n g s o d i u m f r o m fuel p ins logged due to 
c ladd ing f a i l u r e . E a r l y r e m o v a l of s o d i u m , b e f o r e f u e l - e l e m e n t d i s a s s e m b l y , 
a p p e a r e d d e s i r a b l e . In one schenne the fuel e l e m e n t , s t i l l with i t s s h r o u d , 
would be p l a c e d in a s p e c i a l l y d e s i g n e d c a n i s t e r . I n e r t gas would be fo rced 
a r o u n d the fuel p in s whi le m a i n t a i n i n g the e l e m e n t at a t e m p e r a t u r e above the 
boi l ing poin t of s o d i u m . The s o d i u m would be e x p e c t e d to boi l out of the 
logged t u b e s t h r o u g h the open ings in the c l add ing . A l t e r n a t i v e l y , the sodiunn 
m i g h t be bo i l ed off f r o m cut fuel s e c t i o n s a f t e r a chopping o p e r a t i o n . 

(i i) C h a r a c t e r of s t a i n l e s s s t e e l a f te r long i r r a d i a t i o n . Data 
a r e n e e d e d to e v a l u a t e m e c h a n i c a l s e p a r a t i o n of the fuel f r o m the c l add ing . 

( i i i ) B e h a v i o r of s t a i n l e s s s t e e l c o m p o n e n t s in a f lowshee t that 
i n c l u d e s d e c l a d d i n g wi th H F - O j and f l uo r ina t i on wi th f l u o r i n e . 

(iv) Ro le of i n t e r h a l o g e n s in the f lowshee t a s a p o s s i b l e a l t e r n a 
t ive to a f l u o r i n e - o n l y p r o c e s s , a l though g r e a t e r c u r r e n t i n t e r e s t is in the 
l a t t e r p r o c e s s . 

A r e f e r e n c e d e s i g n for the fuel a s s e m b l y , s e l e c t e d to sa t i s fy the 
p r e s e n t s t a g e of ou r s tudy , i s f r o m A t o m i c s I n t e r n a t i o n a l . T h e d e s i g n is a 
nonven ted fuel e l e m e n t hav ing a pin d i a m e t e r of 0.25 in. and a c l add ing t h i c k 
n e s s of 0 .015 in . O t h e r g r o u n d r u l e s , p r e s e n t e d to t h i s D iv i s ion by the A E C 
for u s e in f l owshee t d e v e l o p m e n t , inc lude • 

C o r e s p e c i f i c p o w e r : 200 M W t / m e t r i c ton 

A v e r a g e c o r e b u r n u p : 100,000 M W d / m e t r i c ton 

C o m p o s i t i o n . C o r e - - 2 0 % PUO2-UO2 
B l a n k e t - - 2 % PUO2-UO2 
C l a d d i n g - - s t a i n l e s s s t e e l 
B o n d i n g - - g a s , but it is a s s u m e d tha t 1% 
of the fuel i s s o d i u m - l o g g e d . 

2. C l o s e d C y c l e P r o c e s s e s - - R e s e a r c h and D e v e l o p m e n t - - C o m p a c t 
P y r o c h e m i c a l P r o c e s s e s 

a. P r o c e s s C h e m i s t r y of Mol t en Sal t S y s t e m s (I. J o h n s o n ) 

L a s t R e p o r t e d : A N L - 7 4 1 9 , pp . 123-124 ( J an 1968). 

A CaCl2 -20 m / o C a F ^ s a l t m i x t u r e is be ing c o n s i d e r e d for u s e 
in the r e d u c t i o n s t e p of the r e f e r e n c e f l owshee t for p y r o c h e m i c a l p r o c e s s i n g 

»_,, , , „ „ , „ „ „ ( , „ , „ , Quantity of Contaminant in the Product *DF--decontaminauon factor = i-
Quantity of Contaminant in the Feed 
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of fast b r e e d e r r e a c t o r oxide fue ls . B e c a u s e CaO is a p r o d u c t of the r e 
duct ion r eac t ion , the C a C U - C a F a - C a O p h a s e d i a g r a m is being s tud i ed . 

Both the CaCl2-CaF2 and the CaClz -CaO b i n a r y s y s t e m s a r e 
being s tudied as p a r t of the o v e r a l l i nves t i ga t i on . R e c e n t e x p e r i m e n t s 
have shown that the C a C l i - C a F z b i n a r y h a s a e u t e c t i c at about 19 m / o 
CaF2 and 645°C. The CaCl2-CaO b i n a r y h a s a e u t e c t i c a t about 7 m / o 
CaO and 750°C. T h e r e a l so a p p e a r s to be a p e r i t e c t i c point a t about 
19 m / o CaO and 835°C, a l though the compound that f o r m s below 835°C 
has not yet been ident i f ied. 

b. Unit O p e r a t i o n s Deve lopmen t (R. D. P i e r c e ) 

Las t Repor ted : ANL-7427 , p . 124 (Feb 1968). 

Two e x p e r i m e n t s have been p e r f o r m e d to s tudy the r e m o v a l of 
s t a i n l e s s s tee l c ladding f rom oxide fuels by d i s s o l u t i o n of the c ladd ing in 
mol t en z inc. In these e x p e r i m e n t s . Runs Z D - 3 and Z D - 4 , s i m u l a t e d s u b a s 
s e m b l i e s loaded with pe l l e t s and fines of UO2 w e r e i m m e r s e d in m o l t e n 
zinc at 800°C. The s u b a s s e m b l i e s w e r e c o n s t r u c t e d of Type 304 s t a i n l e s s 
s t ee l and conta ined 13 tubes , of 3 / 8 - i n . ID and 12^. in. long, with a wa l l 
th ickness of 35 m i l s . The tubes w e r e welded to t h r e e round p l a t e s e a c h 
4 in. in d i a m e t e r by l / 4 in. th ick . The s u b a s s e m b l i e s con t a ined 6.68 kg 
of s t a i n l e s s s t ee l and w e r e loaded with 2.49 kg of UO2. 

Each s u b a s s e m b l y was d i s s o l v e d in 84.5 kg of m o l t e n z inc 
contained in a 9 | - i n . - I D tungs ten c r u c i b l e . About 6 kg of CaCl2-15 w / o 
CaF2 sal t w e r e added to the m e l t to r e t a r d v a p o r i z a t i o n of the z inc , and 
to wet and co l lec t the UO2 fines which a r e u l t i m a t e l y r e d u c e d in the r e d u c 
tion s tep . After ~ 3 0 - m i n i m m e r s i o n at 800°C, the s t a i n l e s s s t e e l tubing 
was comple te ly d i s so lved , but the round p l a t e s w e r e r e l a t i v e l y unaffected. 
The s u b a s s e m b l y was i m m e r s e d for an add i t iona l 7 h r to i n s u r e c o m p l e t e 
d isso lu t ion of the s t a i n l e s s s t e e l . F i l t e r e d s a m p l e s w e r e t aken dur ing the 

c o u r s e of the e x p e r i m e n t s to follow 
the p r o g r e s s of the d i s s o l u t i o n . The 
r e s u l t s of the a n l a y s i s of the s a m p l e s 
f rom Run Z D - 3 ( see F i g . II .D.2) 
show that ~4 h r w e r e r e q u i r e d to 
d i s s o l v e a l l of the s t a i n l e s s s t e e l 
in the s u b a s s e m b l y . 

After d i s s o l u t i o n , a h e a t e d 
t r a n s f e r l ine w a s i n t r o d u c e d and the 
m o l t e n z i n c - s t a i n l e s s s t e e l so lu t ion 
v/as r e m o v e d f rom the v e s s e l . The 
fu rnace was s u b s e q u e n t l y cooled to 
r o o m t e m p e r a t u r e and opened . Fig. II.D.2. Progress of Decladding Experiment 



121 

No u n d i s s o l v e d s t a i n l e s s s t e e l was o b s e r v e d . The UOj p e l l e t s w e r e d i s 
t r i b u t e d in a f a i r l y u n i f o r m l a y e r on the v e s s e l bo t tom and w e r e p a r t i a l l y 
c o v e r e d wi th a z inc h e e l . 

The fu rnace was then r e a s s e m b l e d and hea t ed to 800°C. A 
v a c u u m l ine was i n t r o d u c e d t h r o u g h the top of the f u r n a c e , and the fu rnace 
was e v a c u a t e d t h r o u g h a c o n d e n s e r in the v a c u u m l ine . Unde r t h e s e con 
d i t i o n s , the z inc r e m a i n i n g in the c r u c i b l e v a p o r i z e d t h r o u g h the s a l t p h a s e 
and c o l l e c t e d in the c o n d e n s e r . No m a j o r o p e r a t i o n a l p rob lenns w e r e 
e x p e r i e n c e d d u r i n g the dec l add ing and zinc v a p o r i z a t i o n p r o c e d u r e s in 
e i t h e r e x p e r i m e n t . The r e l a t i v e l y z i n c - f r e e p e l l e t s r e m a i n i n g in the 
c r u c i b l e a f t e r the dec l add ing and z i n c - r e m o v a l p r o c e d u r e s a p p e a r to be 
s u i t a b l e for the s u b s e q u e n t o x i d e - r e d u c t i o n s t e p of the r e f e r e n c e p y r o 
c h e m i c a l f l owshee t ( s e e P r o g r e s s R e p o r t for N o v e m b e r 1967, A N L - 7 3 9 9 , 
p. 137). 

A fac i l i ty for r e t o r t i n g the u r a n i u m and p lu ton ium p r o d u c t 
so lu t ions f r o m p y r o c h e m i c a l p r o c e s s e s h a s been modif ied to nnin imize 
a t m o s p h e r i c c o n t a m i n a t i o n of the m a t e r i a l s p r o c e s s e d . In r e c e n t t e s t s , 
the f u r n a c e w a s o p e r a t e d a t 0.01 T o r r . No d e t e c t a b l e p r e s s u r e i n c r e a s e 
o c c u r r e d when the unit was i s o l a t e d f rom the v a c u u m pumping s y t e m for 
4 h r . The e q u i p m e n t has been t e s t e d at t e m p e r a t u r e s up to about 700°C. 
F i n a l t e s t wi l l be p e r f o r m e d at t e m p e r a t u r e s up to 1200°C be fo re the uni t 

i s u sed to r e t o r t so lven t m e t a l s away f rom 
u r a n i u m and p lu ton ium p r o d u c t s o l u t i o n s . 

S tud ie s a r e being m a d e of v a r i o u s 
d e s i g n s for con t inuous and s e m i c o n t i n u o u s 
m e t a l - s a l t con tac t ing equ ipmen t , such as m i x e r -
s e t t l e r s , tha t could be used in p y r o c h e m i c a l -
p r o c e s s i n g e q u i p m e n t . 

A s o l i d - r o t o r p u m p has been d e s i g n e d 
( s ee F i g . I I .D.3) tha t i s c apab l e of lifting m o l t e n 
m e t a l o r s a l t f r o m one v e s s e l and moving it to 
a n o t h e r v e s s e l . A s m a l l w o r k i n g nnodel of the 
p u m p w a s f a b r i c a t e d f r o m Luc i t e and t e s t e d 
wi th w a t e r . The p u m p c o n s i s t s of a r o t o r c o n 
ta in ing two p a s s a g e s t h r o u g h which the m o l t e n 
s a l t o r m e t a l f lows. Subsequen t to the w a t e r 
t e s t s , a n o t h e r p u m p of the s a m e d e s i g n was 
c o n s t r u c t e d of m i l d s t e e l and t e s t e d wi th a 
m o l t e n C u - 3 3 w / o Mg a l loy . The p u m p was 
p l a c e d i n s i d e a c r u c i b l e con ta in ing the a l loy . 
T h i s c r u c i b l e w a s p l a c e d i n s i d e a s e c o n d t a l l e r 
c r u c i b l e tha t a c t e d a s a r e c e i v e r for the m a t e r i a l 
p u m p e d f r o m the i n n e r c r u c i b l e . The a l loy w a s 
h e a t e d to 650°C, and the p u m p was p o s i t i o n e d s o 
tha t the bo t t om of the so l id r o t o r was i m m e r s e d 

Fig. II.D.3 
Solid-rotor Pump for Liquid Meuls 
and Molten Salts 
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in the al loy, whi le the top of the r o t o r was above the top r i m of the i n n e r 
c r u c i b l e and below the top r i m of the ou te r c r u c i b l e . The r o t o r w a s then 
spun at 2200 r p m for about 20 s e c . One and one -ha l f k i l o g r a m s of m e t a l 
w e r e pumped up 6 | in. f rom the i n n e r c r u c i b l e and d i s c h a r g e d in to the 
outer c r u c i b l e . The des ign of a m i x e r - s e t t l e r emp loy ing a p u m p of t h i s 
type is c u r r e n t l y being deve loped . 

3. G e n e r a l C h e m i s t r y and C h e m i c a l E n g i n e e r i n g - - R e s e a r c h and 
Deve lopment 

a. C h a r a c t e r i z a t i o n of C a r b o n - b e a r i n g S p e c i e s in Sod ium 
(F . A. Cafasso ) 

L a s t Repo r t ed : A N L - 7 4 0 3 , p . 124 (Dec 1967). 

(i) Solubi l i ty of NaCN in Liquid Sodium. I n f o r m a t i o n on the 
c o r r o s i o n of s t r u c t u r a l m a t e r i a l s by cyan ide in l iquid s o d i u m s y s t e m s is 
lacking . As a f i r s t s t ep t o w a r d obta in ing such i n f o r m a t i o n , the so lub i l i t y 
of NaCN in l iquid sod ium is being d e t e r m i n e d . 

Solubi l i ty m e a s u r e m e n t s w e r e m a d e b e t w e e n 400 and 550°C 
by taking a s a m p l e of the e q u i l i b r a t e d m e l t t h r o u g h a 5 ^ - p o r o s i t y s t a i n l e s s 
s t ee l f i l te r p r e s s - f i t t e d into a t a n t a l u m tube , d i s s o l v i n g the e n t i r e s a m p l e 
in w a t e r , and ana lyz ing the so lu t ion for cyan ide c o l o r i m e t r i c a l l y . The 
r e s u l t s * obta ined w e r e : 

T e m p e r a t u r e 
(°C) 

402 
425 
450 
476 
500 
549 

Solubi l i ty 
(ppm CN) 

0.8 ± 0.3 
3.0 ± 1.3 
2.7 ± 0.8 
5.3 ± 2.2 
41 ± 8 

181 ± 26 

T h e s e so lub i l i t i e s a r e c o n s i d e r a b l y h ighe r than t hose of any o t h e r c a r b o n -
containing compounds that have been s tud ied thus fa r . F u r t h e r so lub i l i ty 
m e a s u r e m e n t s a r e in p r o g r e s s . 

b. Ident i f ica t ion of M e c h a n i s m ( s ) of C a r b o n T r a n s p o r t in Sod ium 
S y s t e m s ( F . A. C a f a s s o ) 

Las t Repor t ed : A N L - 7 4 1 9 , p . 126 (Jan 1968) . 

The c u r r e n t ob jec t ive of t h i s s tudy is to c h a r a c t e r i z e the c a r b o n -
bea r ing s p e c i e s that m i g r a t e be tween s t r u c t u r a l m a t e r i a l s in c o n t a c t wi th 
liquid sodium. 

The values given supersede previously reported solubilities. 
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P r e v i o u s l y i t w a s shown tha t a s m u c h a s 1.7 p p m of l a b e l e d 
c a r b o n c o m p o u n d ( s ) e x i s t e d in s o d i u m d u r i n g t r a n s p o r t of " C - b e a r i n g 
s p e c i e s a t 650°C f r o m a F e - ' ^ C s t e e l to Type 304 s t a i n l e s s s t e e l . A t t e m p t s 
a r e be ing m a d e to d e d u c e the n a t u r e of the m i g r a t i n g s p e c i e s . The s o d i u m 
s a m p l e s t a k e n d u r i n g the t r a n s p o r t e x p e r i m e n t have been r e a c t e d with 
w a t e r , and the ' ' C - l a b e l e d r e a c t i o n p r o d u c t s in the o f f - g a s e s , s o l u t i o n s , 
and r e s i d u e s a r e be ing a s s a y e d and ident i f ied . 

C o n s i d e r a b l e effor t h a s been devo ted to developing a capabil i ty 
for the r e q u i s i t e a n a l y s e s . 

(i) Of f -gas A n a l y s i s . The of f -gas f rom the d i s s o l u t i o n of 
s o d i u m in w a t e r wi l l be a n a l y z e d by a t e chn ique in which c h r o m a t o g r a p h i c 
s e p a r a t i o n / i d e n t i f i c a t i o n of the c o m p o u n d s is fol lowed by t h e i r r a d i o a s s a y 
in a p r o p o r t i o n a l g a s con t en t . The e q u i p m e n t h a s b e e n a s s e m b l e d and 
t e s t e d and is u n d e r g o i n g c a l i b r a t i o n . 

(ii) So lu t ion A n a l y s i s . Af te r r e m o v a l of the o f f -gas , the a q u e o u s 
so lu t ion i s a c id i f i ed ,* f i l t e r e d , and a s s a y e d for i t s '*C con ten t . To c a r r y out 
th i s a s s a y , an e x i s t i n g a n a l y t i c a l t r a i n w a s modi f i ed to i n c o r p o r a t e a we t 
c o m b u s t i o n m e t h o d . T h i s m e t h o d * * invo lves re f lux ing the a q u e o u s s a m p l e 
in the p r e s e n c e of a s t r o n g oxidant , p a s s i n g the r e s u l t a n t g a s e s o v e r hot CuO 
(800°C) to e n s u r e tha t c a r b o n is ox id i zed to COj , and a b s o r b i n g the COj in 
H y a m i n e s o l u t i o n . T h e n , a l iquid s c i n t i l l a t o r i s added, and the so lu t ion is 
coun ted . The r e l i a b i l i t y of the m e t h o d was t e s t e d by c o n v e r t i n g known 
a m o u n t s of *C, d i s s o l v e d in s o d i u m su l fa te so lu t i on a s b e n z o i c a c i d - l - ' * C , 
to CO2. Ox ida t ion w a s e s s e n t i a l l y c o m p l e t e a s i n d i c a t e d by r e c o v e r y of 
90-100% of the '*C a s '•'CO2. The wet combi?s t ion m e t h o d , t h e r e f o r e , a p p e a r s 
to be a d e q u a t e for t h i s s tudy . A n a l y s i s of a q u e o u s s o l u t i o n s of s o d i u m s a m 
p le s f r o m the a f o r e m e n t i o n e d t r a n s p o r t e x p e r i m e n t is now u n d e r w a y . 

c. T o t a l V a p o r P r e s s u r e and Oxygen P o t e n t i a l s in the T e r n a r y 
S y s t e m U - P u - O (P . E. B l a c k b u r n and J. W. R e i s h u s ) 

L a s t R e p o r t e d : A N L - 7 4 1 9 , pp. 127-128 ( Jan 1968). 

The c o m p o n e n t s of the h i g h - t e m p e r a t u r e t r a n s p i r a t i o n a p p a r a t u s 
a r e in v a r i o u s s t a g e s of a s s e m b l y and t e s t i n g . The Cahn m i c r o b a l a n c e h a s 
been t e s t e d ; s e v e r a l l e a k s w e r e found and r e p a i r e d . 

The v a c u u m b e l l j a r sys tenn , con t a in ing the Cahn m i c r o b a l a n c e , 
and the g a s - f l o w sys t enn ( con ta in ing m o i s t u r e m o n i t o r , f l o w m e t e r s , r e c i r c u l a 
t ing p u m p , e t c . ) a r e be ing a s s e m b l e d in the g lovebox . In add i t ion , the g l o v e 
box i t s e l f i s be ing c o n n e c t e d to the h e l i u m - p u r i f i c a t i o n s y s t e m , and u t i l i t i e s 
a r e be ing i n s t a l l e d in the box. 

* Acidification precludes the presence of cyanide in these solutions. 
** Ingram. G., "Organic Analysis: Carbon and Hydrogen," in Treatise on Analytical Chemistry, Part II. Vol. 11, 

p. 384, Kolthoff.I. M.,andElving.P.J..(eds.).Intersclence Publishers. New York-London (I%5). 
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The r e m a i n i n g work wil l involve c o m p l e t i n g the a s s e m b l y and 
final checking of the equ ipment . 

d. Vapor Spec ies P a r t i a l P r e s s u r e s in the T e r n a r y U - P u - O S y s t e m 
(P . E. B lackburn and J . E. B a t t l e s ) 

Las t Repo r t ed : ANL-7419 , pp. 128-130 (Jan 1968). 

M a s s - s p e c t r o m e t r i c s t u d i e s of the vo l a t i l i z a t i on b e h a v i o r of 
the U - P u - O s y s t e m cont inue to d e t e r m i n e (1) the a p p a r e n t c o m p o s i t i o n of 
the vapor phase in e q u i l i b r i u m with the condensed p h a s e ( s ) , (2) the p a r t i a l 
p r e s s u r e s of the vapor s p e c i e s a s a function of t e m p e r a t u r e , and (3) the 
t h e r m o d y n a m i c p r o p e r t i e s of the vapor s p e c i e s . 

The b ina ry P u - O s y s t e m is being i n v e s t i g a t e d f i r s t s i nce no 
m a s s - s p e c t r o m e t r i c work has been done to e s t a b l i s h the r e l a t i o n s h i p s 
be tween the gaseous Pu , PuO, and Pu02 s p e c i e s and the c o n d e n s e d p lu ton ia 
p h a s e . The in i t ia l work r e l a t ing to h y p o s t o i c h i o m e t r i c p lu ton ia ( P u 0 2 - x ) 
has been comple t ed . 

As p r e v i o u s l y r e p o r t e d (ANL-7419 , p . 128), vapor s p e c i e s 
c h a r a c t e r i s t i c of the v a p o r i z a t i o n of tungs ten or r h e n i u m oxides a r e ob
s e r v e d m a s s s p e c t r o m e t r i c a l l y when s t o i c h i o m e t r i c P u 0 2 ( s ) is hea t ed a t 
about 1200°C or h ighe r in tungs ten or r h e n i u m effusion c e l l s . After the 
ini t ia l heat ing, the in tens i ty of t he se vapo r s p e c i e s was g r e a t l y r e d u c e d ; 
however , some WO^ and W O / or ReOt and ReOj" w e r e d e t e c t a b l e in the 
vapor phase throughout the du ra t i on of the e x p e r i m e n t s . B e c a u s e of the 
r eac t i on of tungs ten and rhen ium with p lu tonia , add i t iona l e x p e r i m e n t s w e r e 

conduc ted us ing effusion ce l l s 
of i r i d i u m , which, a c c o r d i n g to 
the a v a i l a b l e da ta , should be 
n o n r e a c t i v e . When s a m p l e s of 
in i t i a l ly s t o i c h i o m e t r i c Pu02(s ) 
w e r e hea t ed above 1500°C in 
i r i d i u m effusion c e l l s , a s t r o n g 
v a p o r i z a t i o n of oxygen was ob
s e r v e d ; h o w e v e r , the a b s e n c e 
of i r i d i u m oxide s p e c i e s in the 
vapo r p h a s e c o n f i r m e d that 
p lu ton ia does not r e a c t with 
i r i d i u m . 
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function of time when a sample of Pu02(s) was heated at 1950°C in an 
iridium effusion cell. Since the sample lost considerable oxygen during 
the heat-up, the actual composition was unknown for the starting time 
at 1950°C. The measured ion intensity of PuOj^ exhibited a gradual de
crease with time, while that of PuO"*' and the ratio of IpuO+/^p o+ increased. 

Aiterabout 10 hr at 1950°C, at Point A in Fig. U.D.4, a sample 
was removed for oxygen analysis . The atom ratio of oxygen to plutonium 
was 1.88. The sample was then heated an additional 9 hr to Point B in 
Fig. II.D.4, before starting temperature-dependence and rate-of-effusion 
measurements . At this point, the atom ratio was 1.83. No further reduc
tion was observed during the temperature-dependence measurements (see 
Runs P I - IB , PI - ID, and PI-2A in Table U.D.I). Similar behavior was 
observed when rhenium effusion cells were used. 

TABU 11.0.1. Mass-spKlrometricaliy Determined Partiil HMIS 
o( Sublimation for tiie Vapor Species of Plutonia 

ionizing 
Ceil Electron 

Partial Heal o( Sublimation 
ikcai/moiei Ratio i „ „ . / l „ „ . „ . S'° , 

Run No. 

P-M 
P-5B 
P-5B 
PI-IB 
PI-ID 
PI-2A 

Material 

Re 
Re 
Re 
Ir 
Ir 
Ir 

Energy leVl 

130 
13.0 
170 
130 
130 
13.0 

PuO; 

1« 2 ^ 1.8 
137 8 • 16 
138 2 '- 19 
137 8 '- 12 
139.6 ! 1.3 
138.8 ! 14 

PuO 

125 1 *- 10 
i n 5 • 0 9 
128 5 ! 13 
1304 * 09 
1289 t 11 
1259 *- 14 

Pu 

136 

H 2175°K 

26 
tt 
12 
It 
3.0 
3.0 

in Solid 

Its 
LU 
LU 
LOi 
i n , 
1834 

The temperature dependence of the plutonium-bearing vapor 
species in equilibrium with condensed plutonia has been determined in 
several se r ies of measurements using both rhenium and iridiunn effusion 
cells. The variation of the ion intensity of f*uO"*" and PuO^" plotted as a func
tion of reciprocal tennperature (log I T versus I/T) is shown in Fig. 1I.D.5 

TIMPeRAnjRC, *c 

woo taoo 

Fig. II.D.5 

Variation of Ion Intensities of PUO2 and PuO Observed 

over Plutonia as a Function of Reciprocal Temperature 

for an Ionizing Electron Energy of 13 eV 

44 49 

REOPWOCAL TOB'ERimjRE. D>T. •tT' 
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for a typ ica l s e r i e s of m e a s u r e m e n t s . About half of the da t a po in t s w e r e 
taken as the t e m p e r a t u r e was s y s t e m a t i c a l l y d e c r e a s e d (open po in t s ) and 
the o the r points as the t e m p e r a t u r e was s y s t e m a t i c a l l y i n c r e a s e d 
(solid po in t s ) . The c o n c u r r e n c e of the da t a r e g a r d l e s s of the d i r e c t i o n 
of t e m p e r a t u r e v a r i a t i o n g ives a s s u r a n c e that e q u i l i b r i u m a m o n g the 
p h a s e s was ach ieved . 

The p a r t i a l hea t s of sub l ima t ion , d e t e r m i n e d f rom a l e a s t -
s q u a r e s a n a l y s i s of the data , a r e s u m m a r i z e d in T a b l e I I . D . l . The e r r o r s 
l i s t ed a r e s t a n d a r d dev i a t i ons . The ioniz ing e l e c t r o n e n e r g y was 13 eV 
except for Run P - 5 B , in which it was 17 eV. The da ta w e r e n o r m a l i z e d a t 
the m i d - t e m p e r a t u r e and r e - e v a l u a t e d by the me thod of l e a s t s q u a r e s to 
obtain s ingle va lues for the p a r t i a l h e a t s of sub l ima t ion : 127.2 ± 2.7 and 
138.8 ± 1 . 1 k c a l / m o l e for PuO(g) and Pu02(g) , r e s p e c t i v e l y . The i n t e n s i t y 
r a t i o of PuO"*" to P u O ^ at 2175°K ranged f rom 2.6 to 3.0 (excluding Run P - 5 B 
at 17 eV), with an a v e r a g e va lue of 2.8. The l a s t co lumn in T a b l e I I .D. l 
shows the compos i t ion of the condensed p h a s e . 

To d e t e r m i n e the compos i t i on of the v a p o r p h a s e , the m e a s u r e d 
ion i n t ens i t i e s m u s t be c o r r e c t e d for the ion iza t ion c r o s s s e c t i o n s , m u l t i 
p l i e r e f f ic iencies , and ene rgy d i f f e r e n c e s . The O t v o s - S t e v e n s o n * m e t h o d 
was used to c o r r e c t for ioniza t ion c r o s s sec t ion , and the m u l t i p l i e r effi
c iency was a s s u m e d to be p r o p o r t i o n a l to the i n v e r s e s q u a r e roo t of the 
m a s s . T h e s e two c o r r e c t i o n s offset each o the r , and, s i n c e the c o m b i n e d 
c o r r e c t i o n is l e s s than the e x p e r i m e n t a l e r r o r s , they have been n e g l e c t e d . 
The c o r r e c t i o n for the ene rgy d i f fe rence is g iven by the r e l a t i o n s h i p 

^PuO ^ P u 0 ( ^ - ^ P P U 0 J 

I p u O , I P u 0 , ( E - A P p ^ 0 ) ' ^' 

where E is the ionizing e l e c t r o n e n e r g y and A P is the a p p e a r a n c e po ten t i a l . 

After applying the above c o r r e c t i o n , the v ap o r phase was c o m 
puted to be 57 w / o PuO and 43 w / o PuO^ at 2219°K. Although p lu ton ium 
a toms a l s o exis t in the vapor phase , t he i r c o n c e n t r a t i o n was l e s s than 1 w / o 
of the total vapor . The s m a l l quanti ty of f ree oxygen in the v ap o r p h a s e has 
a l so been neglec ted . 

F r o m knowledge of the c o m p o s i t i o n of the vapor p h a s e and the 
r a t e of effusion at a g iven t e m p e r a t u r e , the p a r t i a l p r e s s u r e s of the v ap o r 
spec i e s w e r e ca l cu la t ed from the effusion equat ion 

wF; Ay 
P , ( a tm) = 2 . 2 5 6 x 1 0 - — . ^ 1 , (2) 

AtK A/ M 

Otvos, J. V(/.. and Stevenson. D. P.. ]. Am. Chem. Soc. 18. 546 (1956). 



127 

w h e r e w / A t is the r a t e of effusion in g / ( c m ) ( sec ) , F i i s the f r ac t ion of 
to ta l v a p o r , K is the C l a u s i n g c o r r e c t i o n fac to r for m o l e c u l a r flow th rough 
s h o r t c h a n n e l s , T is the a b s o l u t e t e m p e r a t u r e , and Mi i s the m o l e c u l a r 
weigh t . The r a t e of effusion at 2219°K was d e t e r m i n e d by the w e i g h t - l o s s 
m e t h o d us ing i r i d i u m effusion c e l l s . The o r i f i ce a r e a w a s c o r r e c t e d for 
t h e r m a l e x p a n s i o n , and the r a t e of effusion was c o r r e c t e d for the s m a l l 
weight l o s s of i r i d i u m tha t o c c u r r e d du r ing the r u n . 

The p a r t i a l p r e s s u r e s a s a funct ion of t e m p e r a t u r e a r e shown 
in F ig . I I .D.6 . T h e s e d a t a w e r e ob ta ined by combin ing the m e a s u r e d p a r t i a l 
p r e s s u r e s at 2219°K wi th the h e a t s of s u b l i m a t i o n f rom the t e m p e r a t u r e -
d e p e n d e n c e m e a s u r e m e n t s . The ind ica ted da tum point r e p r e s e n t s the 
a v e r a g e of four m e a s u r e m e n t s of the r a t e of effusion at 2219°K. 

The vapo r p r e s s u r e of p lu ton ia has been m e a s u r e d by a n u m b e r 
of i n v e s t i g a t o r s , * and the r e s u l t s f rom t h e s e s tud i e s a g r e e v e r y wel l , 
excep t for the da t a of P h i p p s et a l . , who u s e d t a n t a l u m effusion c e l l s . The 
p r e v i o u s r e s u l t s , excep t t h o s e of P h i p p s £ t al^., a r e shown in F i g . II .D.7 
along wi th the r e s u l t s f r o m th i s s tudy . In a l l the p r e v i o u s s t u d i e s , the 
vapor p h a s e w a s a s s u m e d to be e n t i r e l y Pu02(g) . 
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Fig. II.D.6. Tempera ture Dependence of the 

Partial Pressures of Pu02(g) and 
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Fig. II.D.7. Temperarure Dependence of 
the Vapor Pressure of Plutonia 
from Previous Studies 

*Phipps, T. E., Sears, G. W.. and Simpson. O. C , J. Chem. Phys. 18, 724 (1950); Mulford, R. N. R., and 
Lamai. L. E., in Plutonium 1960, Grison. E., Lord, W. B. H., and Fov^ler, R. D., Ed. Cleaver-Hume Press. 
Ltd., London (1961); Ackermann, R. J., Faircloth. R. L., and Rand, M. H., J. Phys. Chem. TO, 3698 (1966); 
Pascard, R., CEA, Paper submitted to the panel on Thermodynamic Properties of Plutonium Oxides held 
in Vienna, Oct 1966, reported in Ohse R. W., and Ciani. V.. presented at Third International Symposium 
on High Temperature Technology, Aslomar, California (Sept. n - 2 0 , 1967); Messier, D. R.. submined 
for publication in J. Am. Ceram. Soc. 
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m . N U C L E A R S A F E T Y 

A. O t h e r R e a c t o r K i n e t i c s - - R e s e a r c h and D e v e l o p m e n t 

1. A c c i d e n t A n a l y s i s and Safety E v a l u a t i o n (G. J. F i s c h e r ) 

L a s t R e p o r t e d : A N L - 7 4 2 7 , pp. 134-137 (Feb 1968). 

A s a f e t y - a n a l y s i s c o m p u t e r code , SASIA, h a s been developed. R e 
s u l t s a c h i e v e d wi th a p r e l i m i n a r y v e r s i o n h a v e been r e p o r t e d by M a c F a r l a n e 
et a l . * T h i s code h a s g iven p a r t i c u l a r l y useful r e s u l t s for t h o s e a c c i d e n t s 
which a r e r e l a t e d to l o s s of s o d i u m . In s o m e c a l c u l a t i o n s of l o s s - o f - s o d i u m 
a c c i d e n t s , the m o m e n t u m of the e j ec t ing s o d i u m c r e a t e s an i r r e v e r s i b l e 
r a t e of r e a c t i v i t y add i t ion which can o v e r w h e l m the Dopp le r effect and lead 
to a s e v e r e d i s a s s e m b l y a c c i d e n t . 

In o r d e r to c a l c u l a t e the e n e r g y r e l e a s e of th i s d i s a s s e m b l y acc iden t 
a mod i f i ed v e r s i o n of M A R S , * * MARS/SAS, has been p r o d u c e d . The fol low
ing a r e s o m e of the s ign i f i can t i m p r o v e m e n t s m a d e for MARS/SAS. 

1) Two s u b r o u t i n e s in the MARS p r o g r a m , n a m e l y , point k i n e t i c s 
and finding the so lu t i on of a s y s t e m of f i r s t - o r d e r d i f fe ren t ia l e q u a t i o n s , 
have been r e w r i t t e n . With t h e s e r e p l a c e m e n t s , the n u m e r i c a l s t a b i l i t y h a s 
g r e a t l y i m p r o v e d . 

2) An opt ion is p r o v i d e d to p r i n t out t e m p e r a t u r e and p r e s s u r e 
d i s t r i b u t i o n s wi th in the c o r e a t any t i m e i n t e r v a l the u s e r d e s i r e s . 

% 
3) An a l t e r n a t i v e t r e a t m e n t of d i s c o n t i n u o u s p o w e r - d e n s i t y d i s t r i 

but ion at t he i n t e r f a c e b e t w e e n two ad jacen t r e g i o n s with con t inuous d e 
r i v a t i v e of m a t e r i a l r e a c t i v i t y w o r t h s h a s been p lanned . The me thod m a k e s 
a s m o o t h p o w e r d e n s i t y d i s t r i b u t i o n at t he i n t e r f a c e , i . e . , i t m a k e s an 
a r i t h m e t i c a v e r a g e of p o w e r d e n s i t y a t i n t e r f a c e of t h e s e two r e g i o n s . In 
the o r i g i n a l MARS, t h i s p r o b l e m w a s t r e a t e d by i n t r o d u c i n g two thin s u r 
face r e g i o n s , one on e a c h s i d e , a t the i n t e r f a c e ; it f u r the r a s s u m e d tha t the 
p r e s s u r e at i n t e r f a c e is z e r o . It i s to be noted that the p r o p o s e d m e t h o d is 
m o r e r e a l i s t i c than the o r i g i n a l , s i n c e power d e n s i t y i s d i r e c t l y r e l a t e d to 
p r e s s u r e t h r o u g h the e q u a t i o n of s t a t e , and the p r e s s u r e at the i n t e r f a c e 
should be s o m e w h e r e b e t w e e n the p r e s s u r e s i n s i d e t h e s e two r e g i o n s . R e 
s u l t s u s i n g t h e s e two a p p r o a c h e s w e r e c o m p a r e d ; it was found tha t t h e r e is 
no a p p r e c i a b l e d i f f e r e n c e b e t w e e n t h e m . 

* MacFarlane, D. R.. ^t al.. Theoretical Studies of the Response of Fast Reactors during Sodium Boiling 
Accidents. Paper presented at the International Conference on the Safety of Fast Reactors. Aix-en-
Provence (France). Sept. 19-22, 1967. 

**Hirakawa, N., MARS, A Tvjo-dimensional Excursion Code. APDA-198 We are grateful to A. KUckraan 
of APDA for his generous cooperation in this adaption. 
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4) A t r e a t m e n t of d i s con t i nuous d e r i v a t i v e of m a t e r i a l r e a c t i v i t y 
wor th at the i n t e r f a c e be tween two ad jacen t r e g i o n s is be ing i n c o r p o r a t e d 
into MARS/SAS. R e c e n t r e s u l t s f rom M A C H - 1 * and C A N D I D * * c a l c u l a t i o n s 
i nd i ca t e that the d e r i v a t i v e of m a t e r i a l r e a c t i v i t y w o r t h at the i n t e r f a c e b e 
tween two c o r e r eg ions with d i f fe ren t e n r i c h m e n t s (and a l s o a t the i n t e r f a c e 
be tween c o r e and b lanke t ) is d i s c o n t i n u o u s . This p r o b l e m h a s not been 
t r e a t e d in MARS, and it was a s s u m e d exp l ic i t ly tha t the d e r i v a t i v e of m a t e 
r i a l wor th at i n t e r f a c e is con t inuous . J ankus^ h a s p r o p o s e d a m e t h o d to 
t r e a t the i n t e r f ace be tween c o r e and b lanke t r e g i o n s with d i s c o n t i n u o u s 
d e r i v a t i v e of m a t e r i a l wor th , and h i s me thod has been ex tended to two 
c o r e r eg ions with d i f ferent c o m p o s i t i o n s (or e n r i c h m e n t s ) . Th i s i s done 
by r ep l ac ing p in J a n k u s ' o r i g ina l d e r i v a t i v e (ANL-6512 , p . 9, Eq . 5) wi th 
Pi - P J , w h e r e p , and pz ^ r e p r e s s u r e s i n s i d e c o r e r e g i o n s 1 and 2, r e s p e c 
t ively . Accord ing ly , the to ta l r e a c t i v i t y r e d u c t i o n can be g e n e r a l i z e d to a 
c o r e with n c o r e r eg ions and b lanke t as fo l lows: 

# = f Pi(V^Wi)dVi - r (pi - Pi+i) . J'l'^'^r (VWi - VWi+,) . ds 
J V i , ;Si i i °i+i*-i+i 

•L 
* b C b 

S a t i n t e r f a c e b e t w e e n 

c o r e a n d b l a n k e t 

1, 2 , . . . , n - 1, 

p „ 6 „ C „ . 6 , C , ( ^ ^ n - V W , ) . d s ; 

w h e r e W^ a n d W^, d e s i g n a t e t h e m a t e r i a l r e a c t i v i t y w o r t h of c o r e r e g i o n i 
a n d b l a n k e t , r e s p e c t i v e l y ; b^C^ a n d b^^C^ are w a v e i m p e d a n c e s of c o r e 
r e g i o n i a n d b l a n k e t , r e s p e c t i v e l y . 

2 . F u e l M e l t d o w n S t u d i e s w i t h T R E A T 

a . M e l t d o w n S t u d i e s 

( i ) C e r a m i c F u e l S t u d i e s ( C . E . D i c k e r m a n ) 

L a s t R e p o r t e d : A N L . 7 4 3 8 , p . 125 ( M a r c h 1 9 6 8 ) . 

( a ) U O ; " C h e c k o u t " E x p e r i m e n t w i t h M a r k II T R E A T 
S o d i u m L o o p . A h i g h - s p e c i f i c - e n e r g y l o o p e x p e r i m e n t i s p l a n n e d a s a 
" c h e c k o u t " t e s t f o r t h e M a r k - I I T R E A T I n t e g r a l S o d i u m L o o p n o w u n d e r 

*Meneley, D. A., Kvitek, L. C , and O'Shea, D. M.. MAgH-1, A One-dimensional Diffusion Theory 
Packase, ANL-7223 (1966). 

Leaf, G. K., Kennedy, A. S., and Jensen, G.. A Tvjo-dimensional, Diffusion Theory Code Based on 
^ CAND1D2D. ANL-CANDlD. ANL-7305 (Sept 1967). " 
Jankus, V. Z., A Theoretical Study of Destructive Nuclear Bursts in Fast Power Reactors ANL-6512 
(1962). — 
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development [see below, Sect. (ii)]. The checkout test , to be performed with 
a UO2 sample, is to provide (l) a demonstration of the capabilities of loop 
containment and also (2) data on the thermal interaction of high-temperature 
oxide and sodium coolant inside a typical coolant channel geometry. The 
goals include coolant-expulsion and p re s su re - su rge data from the flow
meters and p re s su re t ransducers located at both inlet and outlet for use in 
development of models describing the energy transfer to sodium after a 
h igh- temperature oxide-pin failure and the subsequent transient coolant-
vapor generation. Two TREAT runs a re planned: one, a prel iminary 
transient clipped early to limit the sample fuel temperature -1500°C; the 
second, a high-energy transient for which a total sample energy of 
~2 x 10* J is des i red. The sample is to consist of a single, 13% enriched 
pin of 0.247-in.-dia UO^ pellets, clad by a 0.020-in.-thick Type 304L stain
less steel tube of 0.290-in. OD. The pin is to be surrounded by a ring of 
6 hollow dummy pins, all seven pins located on a triangular pitch with 
nominal 0.056-in.-dia spiral spacer wires . This pin design is based on 
that of the "standard" 0.290-in.-OD mixed-oxide pin of the ANL Fuel 
Development p rograms and is s imi lar (except for use of UO^ instead of 
mixed oxide) to the 19 mixed oxide pins to be i rradiated in EBR-11 (see 
ANL-7438, p. 125). 

(ii) Experimental Development (C. E. Dickerman) 

Last Reported: ANL-7427, pp. 137-138 (Feb 1968). 

(a) Mark-II Integral Sodium Loop Development A second 
generation of integral sodium loops is under development that will have 
a capability for much higher p r e s su re s andjnnore extensive instrumenta
tion than the Mark-I integral sodium loops now in use. 

The prototype loop has been instrumented with an 
electromagnetic flowmeter and a p r e s su re - t r ansduce r subassembly at both 
inlet and outlet of the test section. Heaters and control cables are being 
adapted to the loop. Originally the prototype loop had been provisionally 
rated at 200 atm (a 180-atm rupture disk specified). Review of the loop 
welds and component walls as built has led to the decision that the loop 
actually should be rated at the same level as the other IIB loops, or 267 atm. 
Accordingly, a proof-test sequence has been established for running the loop 
at 538°C at p r e s s u r e s up to 333 atm. Facil i t ies for performing such proof 
tests on each loop in maximum safety to equipment and personnel are being 
arranged. 

The length of each annular l inear induction pump is to 
be tai lored to fit a specific assembled loop. Pump assembly is underway 
for the prototype and the three IIB (267-atm rating at 538°C) loops. Be
cause the thermal expansion between room tempera ture and operating 
t empera tu re is not the same for the T316 s ta inless steel loop body and the 
Inconel X-750 pump tube, the room- tempera tu re length of the pump is 
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speci f ied to be 0.020 in. l onger than the p u m p gap. Th i s p r e l o a d i n g of the 
loop by the pump is d e s i g n e d to m i n i m i z e the d i f f e ren t i a l t h e r m a l s t r e s s e s 
over the ope ra t i ng r a n g e . 

(iii) A n a l y s i s (C. E. D i c k e r m a n ) 

L a s t R e p o r t e d : A N L - 7 4 0 3 , pp. 142-143 (Dec 1967). 

(a) Deve lopmen t of Advanced T r a n s i e n t H e a t - t r a n s f e r 
C a l c u l a t i o n s . An " e x p e r i m e n t a l " v e r s i o n of the ARGUS t r a n s i e n t h e a t -
t r a n s f e r code has b e e n a s s e m b l e d us ing the new s o l i d - r e g i o n equa t i ons which 
p e r m i t a m o r e a c c u r a t e r e p r e s e n t a t i o n of r e g i o n s with t e m p e r a t u r e - d e p e n d e n t 
t h e r m a l conduct iv i ty . Diff icul t ies have been e n c o u n t e r e d in modi fy ing the 
equat ions for " th in r e g i o n s " l ike fue l -p in c ladd ing , and i m p r o v e m e n t of the 
t h i n - r e g i o n equa t ions h a s been d e f e r r e d . The c u r r e n t v e r s i o n i s be ing u s e d , 
and an i n t e r n a l m e m o d e s c r i b i n g it i s in p r e p a r a t i o n . The ex ten t of s u b 
sequent changes wil l be d e t e r m i n e d by e x p e r i e n c e wi th the new v e r s i o n . 

3. M a t e r i a l s B e h a v i o r , Equa t ion of S t a t e , and E n e r g y T r a n s f e r 

a. Equat ion of S ta te (C. E. D i c k e r m a n ) 

L a s t R e p o r t e d : A N L - 7 4 0 3 , pp. 143-145 (Dec 1967). 

In addi t ion to the need for the equat ion of s t a t e of i r o n and i t s 
a l l o y s , including s t e e l , for app l i ca t i on to r e a c t o r sa fe ty p r o b l e m s , t h e r e i s 
a s t r o n g i n t e r e s t in the sub jec t for o r d n a n c e , g e o p h y s i c a l , and a s t r o p h y s i c a l 
s t u d i e s , and m u c h i n f o r m a t i o n is con ta ined in the l i t e r a t u r e of t h e s e s u b 
j ec t s in addi t ion to the u sua l p h y s i c s and e n g i n e e r i n g p u b l i c a t i o n s . B e c a u s e 
of t he i r i m p o r t a n c e as p r i m e m a t e r i a l s of c o n s t r u c t i o n , t h e s e s u b s t a n c e s 
have been s tudied e x t e n s i v e l y , and a wea l th of c o m p l e x i t y h a s b e e n r e v e a l e d . 

Mos t of the i n fo rma t ion ob ta ined for the p r e s s u r e - v o l u m e r e l a 
t ion for sol id i r o n at high app l ied s t r e s s e s h a s b e e n ob ta ined by d y n a m i c 
s t u d i e s , * al though s t a t i c * * and d y n a m i c r e s u l t s h a v e b e e n b r o u g h t in to good 

McQueen. R, G., "Laboratory Techniques for Very High Pressures and the Behavior of Metals Under Dy
namic Loading." Metallurgy at High Pressures and High Temperatures, ed. by K. A. Gschneider, Jr., M. T. 
Hepworth, and N. A. D. Parlec, Gordon & Breach Publishers, New York (1964), p. 44-132; van Thiel, M., 
Kusubov, A. S.. Mitchell, A. C, and Davis, V. W., Compendium of Shock Wave Data, UCRL-50108 (June 
1966); Altschuler, L. V., Krupnikov, K. K., Lebedev, B. N.. Zhuchikhin. V. I., and Brazhnik. M. I., 
Dynamic Compressibility and Equation of State of Iron Under High Pressure, Soviet Physics-JETP. J_, 
606-614 (19.58); Skidmore, I. C, and Morris, E., "Experimental Equation of State Data for Uranium and 
Its Interpretation in the Critical Region," Thermodynamics of Nuclear Materials. International Atomic 
Energy Agency, p. 173, Vienna, 1962 (STI/PUB/58); see also E. Morris, The Equation of State and Ura
nium in the Critical Region, AWRE-0-61/62 (1962). 
Clendenin, R. L., and Drickamer, H. G., The Effect ofPrcssure on the Lamce Parameters of Ruthenium 
"̂•J Iro". J. Phys. Chem. Solids_25, 865-808 (1964); Takahashi, T., and Basselt, W. A., High-pressure 

Polymorph of Iron. Science 145, 483 (1964); Bundy, F. P., Pressure-Temperature Phase Diagram of Iron 
to 200 kbar. 900°C. J. App. Phys. 3£, 616-620 (1965); Mao, H. K., Basscu, W. A., and Takahashi. T., 
Effect of Pressure on Crystal Structure and Lattice Parameters of Iron up to 300 kbar, J. App. Phys. 38, 
272-276 (1967); Erratum 38, 2142 (1%7). 
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agreement in recent years by improved experimental technique, calibration, 
and understanding of the phenomena. 

The dynamic s t r e s s - s t r a i n curve represents the path followed 
by a mater ia l as a wave front moves through it. This path is a function of 

1. the s train rate and the wave shape; 

2. t empera ture ; 

3. composition: alloying agents and impuri t ies; 

4. previous history: residual strain and dislocations. 

As the wave front moves through the solid, the strain rate reaches a maxi
munn value and then decreases after the peak s t r e s s is reached. This peak 
s t ress Opj has been found to be very close to the quasi-stat ic value, and it is 
the most useful point to serve as a basis for conversion to isentropic and 
isothermal conditions for comparison with ultrasonic and hydrostatic ex
periments . This maximum s t r e s s - s t r a i n data is called the Hugoniot for the 
mater ia l . 

The Hugoniot curve differs from the isentropic hydrostat Pg by 
two important ways. F i r s t , the entropy increase due to the shock front 
causes the mater ia l to be at a higher tempera ture on the Hugoniot for a 
given s t ra in , or specific volume, than on the isentrope; second, the Hugoniot 
represents the state of s t r e s s composed of the spherical component of the 
hydrostat plus a deviatoric component due to the mater ia l yield strength Y. 

A simple relation between the qilasi-static uniaxial s t r e s s flow 
condition and the uniaxial s t ra in flow condition is used, although this flow 
condition may be s t r a in - r a t e , t empera ture , connposition, and s t ra in-his tory 
dependent. During connpression the spherical component or p re s su re on the 
shock hydrostat P ^ is related to the Hugoniot s t r e s s OH and yield s t r e s s Y 
by 

P H = ^ H - T Y . (1) 

The strains along the Hugoniot, e x . a re related to the uniaxial s t rain £ by 

e x = -i-e - (Y/6K) = 1 - {V/V,). (2) 

where K is the bulk modulus, defined by 

K . . V | E . , 3 , 



1 3 4 

V is the v o l u m e , and VQ is the v o l u m e at the in i t i a l p r e s s u r e (u sua l ly t a k e n 
as one a t m o s p h e r e and equ iva len t to z e r o p r e s s u r e on the s c a l e of the 
p h e n o m e n a c o n s i d e r e d h e r e ) . 

Since the bulk m o d u l u s h a s been found to be l i n e a r * o v e r a w ide 

r a n g e of p r e s s u r e , 

K(V,T) = Ko(T) + K ' ( T ) P ( V ) , (4) 

E q s . 3 and 4 can be combined to give the M u r n a h a g n equa t ion of s t a t e m the 
p u r e l y e l a s t i c r eg ion : 

p _ ^ 
K' m K' 

- 1 0 ~ °H - Y- (^ ' 

This fo rm of the p r e s s u r e - v o l u m e r e l a t i o n fits e x p e r i m e n t a l d a t a for both 
i s e n t r o p i c and i s o t h e r m a l c o m p r e s s i o n in the e l a s t i c r e g i o n and can be m a d e 
to fit the e l a s t i c - p l a s t i c * * and p u r e l y p l a s t i c r e g i o n s to be i n t r o d u c e d b e 
low in sp i te of p h a s e changes which t ake p l a c e at h i g h e r p r e s s u r e s . The 
i n t e r n a l e n e r g y can be found f rom E = - J P d V . 

The wave s t r u c t u r e in s h o c k - c o m p r e s s e d i r o n d e p e n d s on the 
magn i tude of the s t r e s s . Below the Hugoniot e l a s t i c y ie ld point s t r e s s , a 
s ingle e l a s t i c wave i s found. In p u r e a n n e a l e d i r o n , a s l o w e r p l a s t i c wave 
of g r e a t e r s t r e s s a m p l i t u d e is found above the Hugoniot e l a s t i c l i m i t (HEL) . 
Above 129 ± 1 kba r and a s t r a i n e^j-ans °^ 0.0640 ± 0 .0005 , a s e c o n d p l a s t i c 
wave a p p e a r s c o r r e s p o n d i n g to a p o l y m o r p h i c p h a s e t rans i t ion ' ' ' b e t w e e n the 
bcc s t r u c t u r e of a - i r o n and the d e n s e r hep p h a s e of e - i r o n . T h i s 
t r a n s f o r m a t i o n is c o m p l e t e at 330 k b a r , and the e l a s t i c and only the s e c o n d 
p l a s t i c wave a r e found be tween th i s p r e s s u r e and about 660 k b a r when the 
p las t ic ( I I ) wave ou t runs the e l a s t i c wave and a s ing l e wave s t r u c t u r e is 
o b s e r v e d at h i g h e r p r e s s u r e s . 

T h e s e t r a n s i t i o n s a r e c o m p o s i t i o n - and t e m p e r a t u r e - d e p e n d e n t , 
but only the b e h a v i o r of p u r e i r o n will be d e s c r i b e d h e r e . 

Although the e x p e r i m e n t a l r e l a t i o n b e t w e e n shock v e l o c i t y Ug 
and p a r t i c l e ve loc i ty U p in the l i n e a r f o r m 

U p = C„ + SUp (6) 

*Anderson, O. L., The Use of Ultrasonic Measurements Under Modest Pressures to Estimate Compression at 
High Pressure, J. Phys. Chem. Solids 27, 547-565 (196£); Drickamer, H. G., Lynch. R. W., Clendenin, R. L., 
and Perez-Albuerne, E. A., X-ray Diffraction Studies of the Lattice Parameters of Solids Under Very High 
Pressure. Sohd State Physics 1 ,̂ 135-228 (1966); Rotter, C. A., and Smith, C. S.. Ultrasonic Equation of 
State of Iron. I. Low Pressure, Room Temperature, J. Phys. Chem. Solids^, 267-276 (1966). 
Huang, Y. K., and Davids, N., Shock Dynamics of Hypervelocity Impact of Metals, J. Franklin Inst. 276, 
39(1963). 

'''Takahashi, T., and Bassett, W. A., High-pressure Polymorph of Iron, Science 145, 483 (1964). 
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i s often c o n v e n i e n t for d e s c r i b i n g the Hugoniot equa t ion of s t a t e , the t r a n s i 
t i ons m a k e t h i s usefu l only in the p u r e l y p l a s t i c r eg ion . C o n s t a n t s for the 
M u r n a h a g n Eq. (5) h a v e b e e n fi t ted to both the s t a t i c * and d y n a m i c * * r e s u l t s 
in the r e g i o n s of m u l t i p l e w a v e s . 

C o n s t a n t s to be u s e d a r e the u l t r a s o r u c i so the rnna l v a l u e s of 
R o t t e r and Smith''^ at 300°K for fee i r on up to 3.6 k b a r : 

K„' = 1640 k b a r ; Po 7.85 g / c c = 1/Vo; K ' 
d K " 
d P 

= 5.938. 

I s e n t r o p i c v a l u e s a r e s i m i l a r : 

K^ = 1669 k b a r ; K^' = 5.97. 

T h e s e v a l u e s a g r e e wel l with the s t a t i c m e a s u r e m e n t s * 

KJ fee = 1628; K ' ^ ' = 5.92; p„ - 7.87 g / c c for P < 130 k b a r at 23°C, 

and 

K J hep = 1658; K ' ^ ' = 5.10; Po = 8.32; and 300 > P > 130 k b a r . 

The y ie ld s t r e s s of i r o n and s t e e l h a s been s tud ied e x t e n s i v e l y 
a s a funct ion of c o m p o s i t i o n , t e m p e r a t u r e , s t r a i n r a t e , and s t r a i n h i s t o r y . 
A y ie ld s t r e s s of 12 k b a r i s r e c o m m e n d e d for a n n e a l e d p u r e i r o n , and the 
s t r a i n r a t e d e p e n d e n c e is 

Y = Y 
d y n a m i c s t a t i c {^/™4' + 1 (7) 

as fit ted to the d a t a of Manjoine'^'f for m i l d s t e e l . The t e m p e r a t u r e d e p e n 
dence s u g g e s t e d by B e l l § for a n n e a l e d fee m e t a l s in p l a s t i c d e f o r m a t i o n is 

Y s t a t i c = 5.47 k b a r V Tm°Ky 
(8) 

*Mao. H. K.. Basseu. W. A., and Takahashi, T., Effect of Pressure on Crystal Suucture and Laitice 
Parameters of Iron up to 300 kbar, J. App. Phys. 38, 272-276 (1967); Erratum 38, 2142 (1967). 

**Huang, Y. K., and Davids. N.. Shock Dynamics of Hypervelocity Impact of Metals, J. Franklin 
Inst. 276, 39(1963). 

' Rotter, C. A., and Smith, C. S., Ultrasonic Equation of State of Iron. I. Low Pressure, Room 
Temperature, J. Phys. Chem. Solids 27. 267-276 (1966). 

^^ Manjoine. M. J.. Influence of Rare of Strain and Temperature on Yield Stresses of Mild Steel, 
J. App. Mech. U. A211-A219 (1944). 

§Bell, J. F.. Single, Temperature-dependent Stress-Strain Law for Dynamic Plastic Deformation of 
Annealed Face-centered Cubic Metals, J. App. Phys. 34, 134 (1963). 
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w h e r e Tm is the abso lu t e m e l t i n g t e m p e r a t u r e . The effect of p r e s s u r e on 

me l t i ng is g iven by the r e l a t i o n * 

Tjn(°K) = 1807 + 3.8 X P ( k b a r ) . 

It should be noted that the y i e l d - s t r e s s p h e n o m e n a c o m p l e t e l y 

d i s a p p e a r in s a m p l e s p r e p r e s s u r i z e d to 10 k b a r due to the r e d u c t i o n of 

d i s l o c a t i o n s . * * 

Above the e l a s t i c - p l a s t i c r e g i o n , the c o n s t a n t s for the l i n e a r 
shock v e l o c i t y - p a r t i a l ve loc i t y Eq. (6) can be c h o s e n f rom T a b l e I I I . A . I . 

T A B L E I I I .A . l . S h o c k - v e l o c i t y C o n s t a n t s for I r on and S t e e l ^ 

P r e s s u r e Range 

Author Po ( g / c c ) C ( m m / / i s e c ) S (kba r ) 

A l t s c h u l e r ^ 

S k i d m o r e and 

Morris"^ 

7.85 

7.84 

3.80 

3.67 

1.58 

1.645 

400-500 

1000-3000 

^ O t h e r d a t a c a n b e f o u n d i n t h e c o m p i l a t i o n of v a n T h i e l , M . , 

e t a l . , U C R L - 5 0 1 0 8 ( J u n e 1 9 6 6 ) . 

^ A l t s c h u l e r , L . V . , e t a l . , S o v i e t P h y s i c s - J E T P ]_, 6 0 6 ( 1 9 5 8 ) . 

' ^ S k i d m o r e , I . C , a n d M o r r i s , E . , " E x p e r i m e n t a l E q u a t i o n of 

S t a t e D a t a f o r U r a n i u m a n d I t s I n t e r p r e t a t i o n i n t h e C r i t i c a l 

R e g i o n , " T h e r m o d y n a m i c s of N u c l e a r M a t e r i a l s , I n t e r n a t i o n a l 

A t o m i c E n e r g y A g e n c y , p . 1 7 3 , V i e n n a , 1 9 6 2 ( S T I / P U B / 5 8 ) ; 

s e e a l s o E . M o r r i s , T h e E q u a t i o n of S t a t e a n d U r a n i u m i n t h e 

C r i t i c a l R e g i o n , A W R E - 0 - 6 1 / 6 2 ( 1 9 6 2 ) . 

T h e s h o c k h y d r o s t a t s c a n b e c o r r e c t e d t o t h e i s e n t r o p e s a n d 
i s o t h e r m s b y u s i n g t h e G r i l n e i s e n e q u a t i o n 

P - P H = ^ ' ( E - E H ) . (9 ) 

T h e v o l u m e d e p e n d e n c e of t h e G r i i n e i s e n c o e f f i c i e n t 7 i s n o t w e l l - k n o w n , 
a l t h o u g h t h e a s s u m p t i o n 7 / V = 7 o / V o h a s b e e n w i d e l y u s e d a n d a g r e e s 
r e a s o n a b l y w e l l w i t h e x p e r i m e n t . t 

** 

Sterrett, K. F., Klement, W., Jr., and Kennedy, G. C , Effect of Pressure on the Melting of Iron, 
J. Geophys. Res. 70^ 1979-1985 (1965). . ' ' 
Bullen, F. P., Henderson, F., Hutchison, M. M., and Wain. H. L., The Effect of Hydrostatic Pressure 
on Yielding in Iron, Phil. Mag. 9, 285-297 (1964). ' 
Taylor, J. W., Residual Temperature in Shocked Copper, J. App. Phys. 34, 2727-2731 (1963). 



Alder* has suggested that yfjv = lol^o 'S more nearly cor
rect for iron. Values of 7 for the hep phase are not available, but the value 
2.29 is suggested for e- iron, and 1.633 for a- i ron is calculated from the 
data in Rotter and Smith.** The volume dependence of 7 is still under ac
tive study. 

b. Materials Behavior and Energy Transfer 

(i) Interactions of Fuel, Cladding, and Coolant (R. O. Ivins) 

Last Reported: ANL-7419, pp. 146-149 (Jan 1968). 

Currently, experiments are being conducted on the dynamics 
of fragmentation of low-melting metals dropped into water. An extension of 
the CHLOE procedure for measuring surface area of fragments (ANL-7419, 
p. 147) is being developed for the determination of size distribution of the 
particles resulting from a fragmentation experiment. Earl ier data will be 
re-evaluated using the new procedure and will be reported in te rms of size 
distribution. 

Fig. Ill 
The data given in ANL-7419 are presented graphically in 

A.l to i l lustrate more clearly the effects of drop temperature and 
entrance velocity on fragmentation. 
In this ser ies of experiments, single 
drops of molten tin at various tem
peratures were dropped into room 
temperature water at entrance 
velocities of magnitudes 243 and 
4 8 6 ^ m / s e c (corresponding to drop 
heights of 10 and 4 0 ft, respectively). 
A run was made by heating a piece of 
tin (weight. -0.4 g; spherical surface 
area, ~0 6 cm ) in a quartz dropper 
placed in an electric resistance 
heater . A single drop was expelled 
by exerting a slight overpressure in 
the dropper. 

A dimensionless parameter , 
the Weber Number (N^g).^ was cal
culated for all of the runs. The 
Weber Number is a measure of the 
ratio of dynamic to surface forces 
on a spherical drop. 

-

_ 

^ 

° »« . 
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0 255*0 
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Fig. III.A.l. Fragmentation of Tin in Room-
temperature Water (20°C) 

*Alder, B. J.. Is the Mantle Soluble in the Core?. J. Geophys. Res. 71. 4973-4979(1966). 
**Rotter. C. A., and Smith. C. S.. Ultrasonic Equation of State of Iron. 1. Low Pressure. Room Temperature. 

J. Phys. Chem. Solids 27. 267-27'6 (1966). ~ ~ 

Nwe = ODV /o . where D is the density- of water, D the diameter of the drop, V the entrance velocity of 
the drop, and 0 the metal-quenching medium interfacial tension. 
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The f r a g m e n t s a r e a s s u m e d to be t w o - d i m e n s i o n a l p l a t e s 
for the s u r f a c e - a r e a c a l c u l a t i o n s ( i . e . , the p r o j e c t e d c r o s s - s e c t i o n a l a r e a 
as d e t e r m i n e d by CHLOE h a s been doubled) . 

F r o m F ig . I I I .A. l it can be o b s e r v e d tha t r u n s m a d e at 
t e m p e r a t u r e s e i t h e r c o n s i d e r a b l y be low (255°C) or above (550 and 600°C) 
the c r i t i c a l t e m p e r a t u r e of w a t e r (373°C) r e s u l t e d in the f o r m a t i o n of f r a g 
m e n t s having roughly the s a m e s u r f a c e - a r e a d e n s i t y * for s i m i l a r W e b e r 
N u m b e r s . H o w e v e r , at 310 and 385''C ( t e m p e r a t u r e s which b r a c k e t the 
c r i t i c a l t e m p e r a t u r e of w a t e r ) , t h e r e i s a s ign i f i can t i n c r e a s e in the s u r f a c e -
a r e a dens i ty and an i n c r e a s e d s c a t t e r of the d a t a , p a r t i c u l a r l y at low W e b e r 
N u m b e r s . 

Sti l l p h o t o g r a p h s w e r e t aken with s t r o b o s c o p i c i l l u m i n a t i o n 
of the f r a g m e n t a t i o n event at d r o p t e m p e r a t u r e s of 330 and 685°C. At 330' 'C, 
f r agmen ta t i on was o b s e r v e d to take p l a c e at po in t s f rom the a i r - w a t e r i n 
t e r f a c e to as deep as 2 c m below the s u r f a c e . The ex ten t of f r a g m e n t a t i o n 
i n c r e a s e d with i n c r e a s i n g depth of the event . At 685°C, f r a g m e n t a t i o n was 
not n e a r l y as v io len t as at 330°C, and o c c u r r e d wi thin 0.5 c m of the s u r f a c e . 

T h e s e o b s e r v a t i o n s i nd i ca t e tha t a p r o n o u n c e d t h e r m a l c o n 
t r i bu t ion to the f r a g m e n t a t i o n p r o c e s s may be occurring near the cr i t i ca l 
t e m p e r a t u r e of w a t e r , i . e . , tha t enhanced b r e a k u p r e s u l t s f r o m v i o l e n t 
fo rma t ion and c o l l a p s e of vapo r bubb les in the n u c l e a t e and t r a n s i t i o n b o i l 
ing r e g i m e s . This is in a g r e e m e n t with p r e v i o u s s t u d i e s in which ga l l i i rm 
f r a g m e n t e d in w a t e r ( see P r o g r e s s R e p o r t for N o v e m b e r 1967, A N L - 7 3 9 9 , 
p. 163). 

(ii) Vio len t ly Sp rayed S o d i u m - A i r R e a c t i o n (R. O. Iv ins ) 

L a s t R e p o r t e d : A N L - 7 4 1 9 , pp. 149-152 (Jan 1968). 

The s tudy of the s o d i u m - a i r r e a c t i o n h a s been u n d e r t a k e n 
to p rov ide knowledge about the r e a c t i o n r a t e of m o l t e n s o d i u m , in s p r a y 
fo rm, with a i r and a i r dep le t ed in oxygen. T h i s i n f o r m a t i o n wi l l be of v a l u e 
in safety a n a l y s e s of s o d i u m - c o o l e d n u c l e a r r e a c t o r s . 

In the e x p e r i m e n t a l po r t i on of th i s w o r k , a s e r i e s of t e s t s 
have been c o m p l e t e d in which the p r e s s u r e g e n e r a t i o n r a t e s w e r e m e a s u r e d 
while the ambien t oxygen c o n c e n t r a t i o n , the s p r a y ve loc i t y , and the o r i f i c e 
d i a m e t e r w e r e v a r i e d . The a p p a r a t u s used in th i s work was d e s c r i b e d p r e 
v ious ly ( see P r o g r e s s R e p o r t for J a n u a r y 1967, A N L - 7 3 0 2 , p . 93). 

In o r d e r to r e m o v e the r e s t r i c t i o n s of the s p r a y - c h a m b e r 
g e o m e t r y and the m a s s flow r a t e of s o d i u m , a r e d u c e d - p r e s s u r e r i s e r a t e , 

*Surface area in cm'̂  per gram of material dropped. 
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in (a tm/sec) / (g Na/cm ), has been used. The pseudoconcentration te rm, 
g Na/cm , is the weight of in-night sodium at any time after the spray 
reaches the top of the chamber divided by the volume of the chamber. It 
is also assumed that the sodium adheres and stops burning when it s t r ikes 
the top of the chamber; thus, the amount of in-flight sodium remains 
constant. 

Figure III.A.2 shows the effect of the ambient oxygen con
centration on the experimental rate of pressure r ise . The scatter of the 
data is caused by differences in the initial sodium temperature , which has 
a significant effect on the time required to attain ignition (A variation in 
ignition time was observed in the high-speed movies taken of these runs.) 
At an initial ambient oxygen concentration of 4 m /o , no visible combustion 
was evident. This is in agreement with the theoretical analysis which p re 
dicted that vapor-phase combustion ceases when the oxygen concentration 
falls below 5 m / o (see ANL-7419, p. 151). 

% € 3 5 

if" 
K 5 
« E 20 
« 5 p , 5 
S 10 
a 

0 5 

0 

-

-
_ 
-

-

A 

a 

0 

0^^% 

'1 
>N0 COMBUSTION 

fJ , , , , 

A 

A 

O 

o o 

1 1 t 1 

A 

0 

o 

1 

Fig. IU.A.2 
Effect of Concenuation of Ambient Oxy
gen on Experimental Rate of Pressure Rise 

Initial Conditions: 
Ambient pressure: 1.0 atm 
Ambient temperature: 298°K 
Sodium temperature: O m 623°K; i • 698°K 
Diameter of each of 

seven orifices; 
Drive pressure: 

0.0762 cm 
1000 psig E spray velocity 
of magnitude. 350 ft/sec 

004 008 0 12 016 0 20 
INITIAL MOLE FRACTION OF AMSlENT OXYGEN 

The effect of orifice diameter on the experimental p ressure 
r ise rate is shown in Fig. III.A.3. As indicated, the rate of p ressu re r ise 
is inversely proportional to the orifice diameter raised to the 2.26 power. 
Theoretical analysis indicated that the rate of p ressu re r ise is inversely 
proportional to the part ic le diameter to the 1.5 power. Since a one-to-one 
correspondence is not expected between part icle size and orifice size, the 
agreement exhibited here is considered to be satisfactory. 

Figure III.A.4 shows the effect of spray velocity on the rate 
of p ressure r i se . A portion of this variation is attributed to the decrease in 
part icle size which probably accompanies an increase in the spray velocity. 

Figure III. A. 5 is a plot of the total amount of oxygen reacted 
in all of the experiments as a function of the concentration of ambient oxygen. 
As would be expected, the curve for oxygen consumption has the same char
ac te r i s t ics as the relationship for rate of p r e s s u r e r i se . It should also be 
noted that, as the particle size decreases because of increased velocity or 
decreased orifice size, the oxygen consumption inc reases . 
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Effect of Orifice Diameter on Ex
perimental Rate of Pressure Rise 

Initial Conditions: 
Ambient pressure: 
Ambient temperature; 
Initial mole fraction 

of ambient oxygen: 
Sodium temperature: 

1.0 atm 

• - 0.21, air; O - 0.10 
623-698°K 

do-DIAMETER OF ORIFICE (SEVEN ORIFICES TOTALl (cm) 

Fig. IILA.4 
Effect of Spray Velocity on Ex
perimental Rate of Pressure Rise 

Initial Conditions: 
Ambient pressure: 1.0 atm 
Ambient temperature: 298°K 
Sodium temperature: O = 623°K: A = 698*̂ K 
Diameter of each of 

seven orifices: 0.0762 cm 
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Fig. ni.A.s 
OxygenConsumption in the Sprayed Sodium-
Air (Depleted Air) Reaction Experiments 

Initial Conditions: 

Ambient pressure: 1.0 atm 
Ambient temperature: 298'̂ K 
Sodium temperature: 623-698°K 
Orifice diameter (seven orifices total) 

and drive pressure: O - 0.0762 cm, 1000 psig 
(unless otherwise noted); 
fi - 0.0254 cm, 1500 psig 
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(iii) Segregation in Ceramic Fuels (M. G. Chasanov) 

Last Reported: ANL-7419, pp. 152-153 (Jan 1968). 

Experiments utilizing the thermal-gradient furnace are 
current ly in p rogress with cylindrical (Uo.aPuo.2)02 oo pellets, 1/2 in. high 
by l /2 in. in diameter . In two experiments of lOO-hr duration (see Progress 
Report for October 1967, ANL-7391, p. 178) the pellets exhibited no signif
icant migrat ion (pellet top surface temperatures were about 2000''C) of 
plutonium. In two additional experiments of 500-hr duration, reported in 
ANL-7419, under conditions s imilar to the 100-hr experiments, no signif
icant migration was exhibited in a sample (P-3) heated inside an inverted 
tungsten crucible which acted as a ba r r i e r to vaporization; the other sam
ple (P-4) heated without the crucible showed some enhancement of PuOj 
content in the hotter portion of the pellet. For P-4 , a peak concentration 
of 22 w/o PuQ2 was found; the nominal starting composition of the pellet 
was 20 w/o PuOj. 

Subsequent analysis of sections of sample P-4 for oxygen 
revealed that the stoichiometry had indeed changed in the region where the 
Pu02 concentration increase was found. The initial oxygen-to-metal ratio 
of the sample was 2.00g; the ratio in the upper third of the pellet after the 
experiment was found to be 1.94^. Thus, the change in PuO^ concentration 
observed may be related to the stoichiometry change found. 

Sample P-5 was heated in the thermal-gradient furnace for 
1020 hr; the t empera ture at the sample top was 1970°C, whereas at the 
sample bottom it was 1140°C. Like P - 3 , ^lis specimen was heated in an 
inverted tungsten crucible. The resul ts of an electron microprobe analysis 
along the longitudinal axis of the sample after the heating had been com
pleted are shown in Fig. III.A.6a. There seems to be clear evidence of an 
increase in plutonia concentration at the hotter end of the specimen. The 
relative snnoothness of this inc rease implies that it is probably not due to 
segregation originally present in the unheated sample. 

Sample P-8 was heated in a tungsten crucible for 123 hr ; 
the top tempera ture was 2340°C (which was considerably higher than 
heretofore achieved) and the bottom tempera ture was 1220°C. The probe 
analyses a re given in Fig. III.A.6b for a scan along the longitudinal axis 
of the sample. Although the var ia t ions in plutonia concentration are greater 
than for sample P - 5 , the concentration inc rease at the hotter end is quite 
evident. 

An experiment with t empera tu re conditions s imilar to those 
in experiment P-8 but with a longer heating t ime is now in p rogress . 
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Fig. III.A.6. PuOj Distribution in (Uo.8P"0.2)02 Pellets Heated in a Thermal Gradient 

4 . C o o l a n t D y n a m i c s 

a . C r i t i c a l F l o w (H. K. F a u s k e ) 

L a s t R e p o r t e d : A N L - 7 4 3 8 , p . 128 ( M a r c h 1 9 6 8 ) . 

(1) S o d i u m T e s t s . T h e n e w t e s t s e c t i o n h a s b e e n f a b r i c a t e d a n d 

i s b e i n g i n s t a l l e d in t h e s o d i u m t e s t i n g f a c i l i t y . 

( i i ) S o n i c V e l o c i t y . T h e e x p e r i m e n t f a c i l i t y h a s b e e n m o d i f i e d 

t o e n a b l e t e s t s w i t h s t e a m - w a t e r m i x t u r e s . T h e i n s t r u m e n t s a r e b e i n g 

c h e c k e d a n d c a l i b r a t e d . 

( i i i ) V o i d i n g M o d e l s . E x t e n s i v e r e v i e w of c o d e s * - * * t h a t d e 

s c r i b e v o i d i n g r a t e s a n d e x p u l s i o n of l i q u i d s o d i u m f r o m c o o l a n t c h a n n e l s 

d u r i n g a b n o r m a l o p e r a t i o n of a l i q u i d - m e t a l f a s t b r e e d e r r e a c t o r h a s s h o w n 

t h a t : (a ) a r e a l i s t i c e x p u l s i o n m o d e l m u s t i n c l u d e t h e s u p e r h e a t p h e n o m e n o n 

b e c a u s e i t c a n s i g n i f i c a n t l y a f f e c t t h e v o i d i n g a n d , t h e r e f o r e , t h e r a t e of 

r e a c t i v i t y f e e d b a c k ; (b) i n a t y p i c a l f a s t - r e a c t o r c o o l a n t c h a n n e l , w h e t h e r 

m a n y b u b b l e s o r a s i n g l e b u b b l e a r e u s e d t o d e s c r i b e t h e e x p u l s i o n i s of 

s e c o n d a r y i m p o r t a n c e if t h e h e a t e d s u r f a c e s r e m a i n w e t t e d ( in t h e s i n g l e -

b u b b l e c a s e , a t h i n l i q u i d l a y e r i s a s u r f a c e a v a i l a b l e f o r e v a p o r a t i o n 

e q u i v a l e n t t o m a n y b u b b l e s ) ; (c ) b e c a u s e v a p o r g r o w t h i s c o n t r o l l e d p r i 

m a r i l y b y l i q u i d i n e r t i a a n d f r i c t i o n , i t d e p e n d s s t r o n g l y on t h e d e s i g n of 

t h e r e a c t o r p r i m a r y - c o o l a n t s y s t e m ; (d) a l t h o u g h t h e a s s u m p t i o n i s m a d e 

fo r m o s t e q u i l i b r i u m a n a l y s e s * t h a t a l l h e a t i n p u t t o t h e l i q u i d a f t e r t h e 

s a t u r a t i o n t e m p e r a t u r e i s r e a c h e d i s u s e d a s l a t e n t h e a t of v a p o r i z a t i o n . 

*Noyes, R. E., Lurie, H., and Jarrett, A. A., The Development and Groutli of bi-core Voids Due to Boiling 
during Faster Reactor Transient, Proceedings of the Conference on Safety, Fuels and Core Design in Large 
Fast Power Reactors, October 11-14, 1965, ANL-71^20; MacFarlane, D. R., Transient Sodium Boiling 
Calculations-11, Nuclear Eng. & Design Ĝ. 103-114. 1967. 

**Mcinhardt. W. G., Calculating Vapor Growth in a Superheated Liquid Metal Within a Healed Channel, 
P.iper presented at the 1960 ANS Meeting, October :lO-Novcniber 3, 19CC, Pittsburgh. Pennsylvania. 
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it seems more reasonable that nearly all heat input stays in the liquid be
cause the large l iquid-to-vapor density ratios (-1000) mean that only a very 
small fraction of the liquid is needed to void a typical reactor channel. 

If the superheat required to initiate nucleate boiling is 
known, these conclusions suggest a relatively simple model for calculating 
maximum, as well as fairly rea l i s t ic , voiding rates in reactor coolant chan
nels during abnormal behavior. Briefly, the calculational procedures a re : 
(l) for a specified power or flow transient, the appropriate equations for 
transient heat conduction and convection give the temperatures of the fuel-
cladding surface and coolant as functions of position and time, (2) the liquid-
vapor interface is located by matching the coolant temperature profile with 
the superheat necessary to initiate boiling; (3) beyond the onset of nuclea-
tion, the hea t - t ransfer calculations a re continued as if no boiling takes 
place, and the nnaximum surface temperature of the cladding will specify 
the maximum available p r e s su re (vapor pressure) to satisfy liquid inertia 
and friction (as long as the heated surfaces remain wetted, the cladding 
surface tempera ture remains essentially independent of the coolant density 
distribution because the major res is tance to heat transfer lies in the fuel 
and cladding); (4) the motion of the liquid slugs upstream and downstream 
of the liquid-vapor interface is described by Newton's law. 

Typical fas t - reac tor accidents are being calculated with 
this model. The resul ts will be compared with previously published analyses. 

b. Coolant Dynamics (R. M. Singer) 

Last Reported: ANL-7438, pp. 128-129 (March 1968). 

(i) Superheat. Data are being collected from the new superheat 
vessel with the artificially roughened (sand-blasted) heating surface. 

(ii) Expulsion. The sodium piping is being installed, leak-
checked, and insulated. All secondary piping (dump-tank lines, hot- t rap 
loop, gas and vacuum sys tem, etc.) has been completed, and work has s tar ted 
on the pr imary expulsion tube and test section. 

c. Core Component Dynannics (M. W. Wambsganss) 

Last Reported: ANL-7438, p. 129 (March 1968). 

The effects on a fuel element of h igh-ra te energy re lease a re 
being determined in tests using EBR-II-type fuel-element jacket tubes as the 
test specimens (Type 304 s ta inless s teel , 18 in. long, of 0.174-in. OD and 
9-mil wall). The load is provided by igniting inside the tube a small amount 
of BuUseye pistol powder (from Hercules Powder Co.). The tes ts a re to 
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(a) develop a technique for obtaining consistent loading, (b) determine the 
maximum amount of plastic growth before the rod ruptures , (c) measure the 
magnitude of the associated energy re lease , (d) learn how the rupture of one 
rod affects other rods in the bundle, and (e) study the strength provided by 
the helically wrapped spacer wire around each rod (by performing some 
tests with and others without the wrap). 

A loading technique that has been found to provide consistent 
results involves filling the lower half of the rod (whose bottom cap is welded 
in place) with sand, inserting a paper wad over the sand and tamping it 
securely, pouring the weighed powder charge into the rod, inserting a 
Nichrome wire loop into the powder, using another paper wad to seal the 
wire above the powder charge and to compress the charge slightly, filling 
the rod to the top with sand, sealing the top of the rod with epoxy, and, after 
allowing the epoxy to cure, applying current to the res i s tance-hea te r wire to 
ignite the explosive. 

Approximately 40 shots were fired to determine that 40 mg of 
powder (equivalent to an energy release of only 0.044 Btu) is the lowest 
charge that will rupture the rod. This might not be the absolute minimum 
energy for rupture because all the powder probably is not burned before 
venting occurs and because some other loading technique might lead to 
rupture with less powder. 

Whether air or water was the medium outside the rod did not 
alter the amount of powder needed for rupture. However, the type of rupture 
differed with the surrounding medium. When \vater surrounded the rod, the 
wall ruptured in a single longitudinal tear . But when air surrounded the rod, 
the wall rupture progressed at 45° angles and several fragments broke loose. 
In all cases , the tear in the wall did not extend longitudinally much beyond 
the region where the charge had been located, and the rod diameter increased 
~17% before rupture occurred. 

The wire wrap had little effect except when the tube split just 
under the wire, in which event the wall deformed around the wire. 

The effects of the rupture on other rods in the bundle and on the 
hexagonal can have not yet been studied extensively. However, some trends 
have been noted in tests of 7- and 19-rod a r rays in which the center tube 
had 125 mg of explosive and the other tubes contained air, water, or sand. 
As shown in Fig. III.A.7, each ar ray was supported at both ends and had the 
same dimensions as an EBR-II fuel subassembly. In all cases , the hexagonal 
can was visibly deformed; the can deformed the most on the side toward 
which the rod ruptured. As shown in Fig. III.A.8, the rods containing air 
were flattened and slightly bowed; those filled with sand were flattened only 
slightly but were bowed severely. With the 19-rod a r ray , the outer rods in 

file:///vater


t h e p a t h o f t h e v e n t i n g g a s f r o m t h e e x p l o s i o n w e r e d e f o r m e d t o a l m o s t t h e 

s a m e d e g r e e a s w e r e t h o s e n e a r e r t h e c e n t e r r o d o r t h o s e of t h e 7 - r o d 

b u n d l e s . T h e w i r e w r a p r e d u c e d t h e d e f o r m a t i o n of t h e r o d s in a l l b u n d l e s . 

Fig. III.A.7. Test Array Consisting of 19 EBR-II-type Fuel Rods and End Sup
ports That Will Be Installed inside Hexagonal Can before Wire 
Is Heated to Detonate a 12S-mg Charge inside Center Tube 

Fig. III.A.8. When Charge in Center Rod of Seven-rod Array (which was in 
water) Was Detonated, the Six Air-filled Rods Were Flattened 
and Slightly Bowed. Heater wire can be seen in center rod. 
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B. Operations 

1. TREAT Operations ( j . F. Boland) 

Last Reported: ANL-7438, pp. 129-130 (March 1968). 

a. Reactor Operations. Two Zircaloy-clad UO2 pellet fuel rods 
made by ANL-MET were irradiated in room-tempera ture water in t r a n s 
parent capsules to obtain data on failure threshold and failure mechan isms . 
These data will be compared with data previously obtained from similar 
fuel rods made by BNWL to see if slightly different fabrication techniques 
exert an influence. 

The central nine fuel elements were removed from the r eac 
tor to permit installation of a support column under the removable section of 
the reactor grid plate. The support column was installed to prevent possible 
overstressing of the grid plate if high reaction forces were t ransmit ted to 
the plate by a fast pressure pulse in an experimental capsule. No signs of 
cladding deterioration were detected during a visual inspection of the nine 
elements. 

Neutron radiographs were made of 14 experimental capsules 
from experimental subassembly XG05, an experimental capsule from MTR, 
and fuel rods from TREAT experiments CEN-238-T, -240-T, and -242-T. 

b. Development of Automatic Power- level-control System. Com
puter simulation of the TREAT reactor with an autonnatic control system 
continued. Priori ty work for the computer at Idaho State University limited 
computer availability during this reporting period. Data from runs com
pleted at the end of this reporting period are being analyzed. 

A general description of control-system requirements was sent 
to fourteen manufacturers of hydraulic control systems to determine which 
ones might have an interest in fabricating a system of this general type and 
what experience they have had in fabricating s imilar systems or components. 

C. Engineered Safety Features Technology--Research and Development 

1. Energy Absorption Containment 

a. Hydrodynamic Response of P r imary Containment to High-energy 
Excursion (S. H. Fistedis) 

Last Reported: ANL-7427, pp. 148-151 (Feb 1968). 

The Rankine-Hugoniot equations for a shock wave in a solid 
substance are 



Us/('-'s - Ul) = vo/v, = a; (J) 

UgUi/vo = P, - Po; (2) 

i u | = E, - Eo = i (p ,+p^) (v„-v j ) , (3) 

where VQ, PO, EQ, VJ, P J , E J , UJ , US a r e , respectively, the specific volume, 
p r e s s u r e , and internal energy ahead of the shock front, the specific volume 
p r e s s u r e , internal energy, and velocity behind the shock front, and the 
shock-wave velocity. 

In porous solids, part icles of solid matter are separated by 
empty spaces so that the average specific volume is Voo = mvj (m 2 1), 
where m is the degree of porosity. The Rankine-Hugoniot equations for 
porous ma te r i a l a re obtained by replacing vo by VQQ in Eqs. (1), (2), and (3), 
which gives 

U j m ) 
m — = m a ; (4) Us(m) - U,(m) " v, 

Us(m)U,(m)/vo = m ( P , - P o ) ; (5) 

\Ul = El - Eo = ivi(Pi + Po)(ma- 1). (6) 

Because Ug and U, a re functions of the porosity m, shock-wave experi
ments for specified values of m are performed on a given nnaterial. F rom 
these experiments functional relationships for Ug and Ui can be deter
mined so that Eqs . (4), (5), and (6) can be applied to the mater ia l for any 
degree of porosity. 

Shock-wave compress ion of porous solids resul ts in nnuch 
greater heating of this ma te r i a l relat ive to solid mater ia l ; thus, the usual 
Mie-Gruneisen equation of state is inadequate to describe the dynamic be
havior of such solids because only lattice vibrations of the solid are con
sidered. In porous ma te r i a l , the anharmonicity of the thermal vibrations 
of the atonns and ions is accounted for by the concept of an electron "gas," 
which, in turn, leads to a complicated equation of state in which ternns 
representing the the rma l energy and the rmal p re s su re of the "gas" a re 
added to the lattice components. Thus, h igh- tempera ture equations of state 
for porous mater ia l a re wri t ten as 

(7) 

E = Ec + E^ + Eg, (8) 

where the subscripts c, t, and e represen t , respect ively, the cold-
compress ion curve, the thermal energy of electron "gas ," and the thermal 
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pressure of electron "gas." In Eqs. (7) and (8), the Gruneisen constant 7 
decreases from the value of the cold-compression curve (T = 0°K) to the 
value of 2/3 corresponding to the electron gas (T -* <»). Because of these 
complications, no general equation of state for porous solids can be given; 
the equation of state for each mater ia l must be determined by itself for 
compression and expansion. 

Inherent in the above paragraphs is the assumption that the 
strength of the shock wave is such that shear effects can be neglected. 
When this is no longer t rue , additional complications enter the picture. To 
date, no experiments have been performed in which shear effects were in
cluded. Thus, this area remains open as to the best approach to follow in 
determining equations of state for porous mater ia l . 

2. One-dimensional Code Containment Structure 

a. Inelastic Response of P r imary Containment to High-energy 
Excursion (S. H. Fistedis) 

Last Reported: ANL-7403, pp. 164-166 (Dec 1967). 

The dynamic axisymmetric equations of motion for the inelas
tic response of primary containment to a core excursion have been de
veloped. The difference between the hydrodynamic and the inelastic 
responses is that the latter include the shear strength of the ma te r i a l , 
which plays the role of dissipating the energy available for damage. Thus, 
the hydrodynamic response represents an upper-bound case for a ssessment 
of damage to pr imary containment. 

The three conservation laws, in cylindrical coordinates ( r , z ) , 
a re : 

1. Conservation of Mass : 

pdv = podvo (incremental form); (l) 

dp fbu^ u^ bu^\ 
"dT ' ^ l ' " ^ ~ ''" "^—j ^ (differential form), (2) 

where p is the density of a deformed volume element dv, p^ is the density 
of an undeformed element dvo at time t = 0, and u'' and uZ are the veloc
ities of the volume element in the radial and the axial direct ions. 
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2. Conservation of Momentum: 

d^r du^ 1 
df' dt 

S(P-a„) ao„ 
/""^°^n.fr.. 

du^ i / - ! ^ \ ^ , _ ^ , , , . ba o "1 rz "rz I 

dt' dt p I az ^~jr ~rj 

P = - y ^ a r r + agg + o ^ ^ j ; 

°ee = °ee + P = - (^ r r + 5^z) ^ Ozz = Ozz + P ; 

Orr = Orr + Pj Oy = Oy ( i / j ) . 

(3) 

(4) 

(5) 

(6) 

(7) 

where P is the hydrostatic p ressure for which the equation of state is that 
given on p. 165 of ANL-7403, 
(i ,j = r , e , z ) , o. 
and fZ a re the extrinsic forces (e.g., gravity) in the radial and axial 
directions. 

represents the components of s t ress tensor 
ij is the s t r e s s components deviator s t ress tensor, and f 

3. Convervation of Internal Energy: 

dt dt p 
du"" - u ' - du' ^ ^ ( ^ + iiifi 

dz 2 \bz br J 
(8) 

where E is the internal energy and v is the specific volume (v = p" ' ) . The 
additional equation needed to complete the set is the equation of state of the 
mater ia l s . For purposes of computation, the equation of state will be 
written as a subroutine. Thus, a general form such as 

P = p (p .E) (9) 

is used in deriving the finite difference equations from Eqs. (1) through (9). 

Because the p r imary containment has various nnaterials and, 
hence, interfaces between them, Lagrangian coordinates must be used in 
solving shock-wave problems in such media. Thus, Eqs. (1) through (9), 
expressed in t e rms of Euler ian coordinates (r, z), have been transformed 
into Lagrangian coordinates (k, i) for computational purposes . The conser
vation laws in Lagrangian coordinates (k,£) a r e : 
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1'. C o n s e r v a t i o n of M a s s : 

^^ rA , 9 ( r , z ) ,. , . ^ 
= -T—•; A = ( i n c r e m e n t a l fo rm) 

P r''A° b{k,l) 

(10) 

w h e r e Po, r , and A a r e the dens i t y , r a d i u s , and a r e a of an u n d e f o r m e d 
vo lume dvQ. 

2 ' . C o n s e r v a t i o n of Momentunn: 

d t ' 

du' ' 
dt 

fblP-0 z) d ( a ^ ^ r )1 2 5 ^ ^ + 0 ^ , ^ 
r i \ r r , / ^ _ V ^ : i ^ / ( , ^ " ^ " A + f ; ( I I ) 

Por°A° 

d S du^ 

S(k,.«) d(k , i ) 

^ ( P - ^ z z , - ) d ( a , , , z y 

df^ 

dE 
dt 

dt n 0 A 0 

Por A 
S(k,i) S(k , i ) J Por°A° 

3 ' . C o n s e r v a t i o n of I n t e r n a l E n e r g y : 

A + fZ; (12) 

dt Por°A''l " b{k,i) 

a(u^z) a(u'-,r) 
_b{k.i) ' a(k,.e) 

- a ( u ^ z ) d ( u ^ ) 
1*1- ^ . ~ ^-J '7 ^ 

d(k , i ) 

Por^A" 
(13) 

The p a r t i a l d e r i v a t i v e s in E q s . (10), (11), (12), and (13) a r e c a l l e d 
J a c o b i a n s , which a r e defined a s 

J ( F , , F 2 , . . . , F N . X , , X 2 , . . . , X t , , ) 

5 F I 3 F I a r , 

5(Fi ,F2 F^) 
cl(X,,X2 X N ) 

3x, 3x, dx^ 

5Xi 5x, ' " ax N 
( 1 4 ) 

SFN a% _ SFN 
axi aXi "• ax^ 

Equa t ions (10) th rough (14) r e p r e s e n t the c o m p l e t e se t of e q u a 
t ions to be solved subjec t to the a p p r o p r i a t e in i t i a l and b o u n d a r y c o n d i t i o n s . 
The f in i t e -d i f f e rence f o r m s of t h e s e equa t ions a r e being d e r i v e d . 
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